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PULSED  DIFFERENTIAL  HOLOGRAPHIC  MEASUREMENTS 
OF  VIBRATION MODES OF  HIGH-TEMPERATURE PANELS 
D. A. Evensen 
R. Apr  ahamian 
K. R. Overoye 
TRW Sys tems  Group 
SUMMARY 
Holography is a  lensless  imaging  technique  which  can be applied 
to measure  static  or  dynamic  displacements of structures.  Conventional 
holography  cannot be readiiy  applied  to  measure  vibration  modes f high- 
temperature  structures,  due  to  difficulties  caused  by  thermal  convection 
currents. The present  report  discusses  the  use of "pulsed  differential 
holography,'' which  is  a  technique  for  recording  structural  motions  in 
the  presence  of  random  fluctuations  such  as  turbulence. An analysis 
of the  differential  method  is  presented,  and  demonstration  experiments 
were  conducted  using  heated  stainless  steel  plates.  Vibration  modes 
were successfully  recorded  for  the  heated  plates  at  temperatures of 
1000,  1600,  and 2000°F. The technique  appears  promising for  such  future 
measurements as vibrations of the  Space  Shuttle  TPS  panels  or  recording 
flutter of aeroelastic  models in a  wind-tunnel. 
vi i 
1.0 INTRODUCTION 
Holography i s  a lensless imaging process which allows the reconstruction 
of  three-dimensional  images  of  diffuse  objects  (Refs.  1 and 2) .   Discussions 
of t he  phys ica l  p r inc ip l e s  and  some app l i ca t ions  of holography are 
avai lable   in   recent   textbooks  (e .g . ,   Refs .  3 ,  4, and 5 ) .  A r e l a t e d  
technique, known as holographic  interferometry (Ref .  6 )  allows the 
experimenter t o  measure s ta t ic  o r  dynamic displacements of i n t e r e s t   i n  
many structural  mechanics problems (Refs.  7 8 ,  9 , l o ) .  
I n   p a r t i e u l a r  , "double-exposure"  holographic  intesf  ero3etry  provides 
a measure  of t h e  relative s t ruc tura l  d i sp lacement  ( say  u - u ) between 
two exposures of the hologram. For high-speed dynamic events, such as 
e l a s t i c  wave propagation, double-exposure holography requires the use of 
pulsed lasers (see  Kefs.  11, 12, and 13). A r e l a t ed   t echn ique ,   ca l l ed  
" d i f f e r e n t i a l "  h o l o g r a p h i c  i n t e r f e r o m e t r y  h a s  b e e n  a p p l i e d  t o  s t a t i c  
problems  (Ref. 14)  and  large-amplitude  vibrations  (Ref. 15). 
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For small ampli tude vibrat ions (on the order  of a few wavelengths 
of light) "time-average holography" (Ref. 16) has proven very successful 
fo r  r eco rd ing  v ib ra t ion  modes. Vibra t ion  modes of  beams, p l a t e s ,  s h e l l s ,  
tu rb ine  b lades ,  and  many other  pract ical  s t ructures  have been recorded 
using time-average holography (see Refs. 10 and 1 7 ,  f o r  example). 
Conventional time-average holography uses continuous-wave lasers and 
involves   re la t ively  long  exposure times. During  the  exposure  of  the 
photographic plate (hologram) , t he  op t i ca l  sys t em must b e  r e l a t i v e l y  
f r e e  of random mot ions  ( i .  e. , opt ica l  pa th  length  changes)  or  the  
hologram w i l l  not be properly recorded (see Ref. 18). This problem of 
maintaining adequate  s tabi l i ty  during the exposure is a major drawback 
of conventional time-average holography. 
S ince  holography had  proven  very  usefu l  in  record ing  s t ruc tura l  
v i b r a t i o n s  of p l a t e s  a t  room temperature (see Ref.  17) , the  ques t ion  
a rose  as  to  whether  or  no t  similar techniques would work f o r  tests on 
high-temperature  Space  Shuttle  panels a t  i 5 O O 0  - 2500'F. The major 
problem (for holography) which temperature effects introduce, involves 
thermal  convection  currents.   These  convection  currents  cause  changes 
i n  t h e  i n d e x  o f  r e f r a c t i o n  of t h e  a i r  around the vibrating panel and 
thereby  cause random f luc tua t ions  in  the  op t i ca l .  pa th  l eng th .  Thus, 
t he  problem becomes one of r eco rd ing  the  s t ruc tu ra l  mo t ion  in  the  p re sence  
of "noise"   ( i .  e. random f l u c t u a t i o n s  i n  t h e  o p t i c a l  p a t h ) .  
This problem has been solved using a vacuum chamber (which e l imina tes  
the  convec t ion  cur ren ts )  and  continuous-wave,  time-average  holography 
(see  Ref. 10). However, t h e  vacuum chamber introduces several mechanical 
complications and does not  appear  pract ical  for  the Space Shut t le  TPS 
p a n e l s  o f  i n t e r e s t  t o  NASA. A more promising approach, which was 
demonstrated during the present  s tudy,  involves  "pulsed different ia l  
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holography" (see Refs. 11 and 151.. .With t h i s  t e c h n i q u e ,  a pulsed laser 
is used to expose the hologram a t  two closely-spaced times , tl and t2 
. ' separated by a s6all time-delay , ,At. Between these  two exposure times, 
t h e  v i b r a t i n g  p l a t e  tkidergoes a displacement, but the. (slowly-varying) 
thermal convection ,noise does not,  change appreciably.  .,The r e s u l t i n g  
" d i f f e r e n t i a l  hologram", r eco rds  p r imar i ly  the  relative s t r u c t u r a l  d i s -  
placement (a2 - 9 )  between exposures, and provides good d e f i n i t i o n  of 
t h e  v i b r a t i o n  modes of the  p la te .  This  ho lographic  method has been used 
h e r e i n  t o  r e c o r d  v e r y  c l e a n  v i b r a t i o n  modes of p l a t e s  a t  temperatures 
of 1000, 1600, and  2000°F, i n  the presence of  thermal  convect ion currents .  
. .  
The pulsed  d i f fe ren t ia l  t echnique  appears  appl icable  to  many o the r  
problems where the rate of change of t he  s t ruc tu ra l  de fo rma t ion  ( say  6 )  
is s u f f i c i e n t l y  l a r g e r  t h a n  t h e  rate of  change  of t h e  ''noise'' terms. 
For example, a different ia l  approach might  prove workable  for  recording 
s t r u c t u r a l  m o t i o n s  ( e . g . ,  f l u t t e r )  i n  a wind tunne l ,  desp i t e  t he  
presence of turbulence in the aerodynamic boundary layers.  
The work repor ted  here in  is d i v i d e d  i n t o  f i v e  main p a r t s ,  as 
fol lows : 
o Holography  and  Holographic  Interferometry 
o Pu l sed  Di f f e ren t i a l  Holography  Applied to  Vib ra t ing  Ob jec t s  
o Tests a t  1000°F 
0 Tests a t  2000°F 
0 Concluding Remarks 
The s e c t i o n  on holography is  intended t o  p r o v i d e  background and 
explain the fundamentals  of the  technique  to  engineers  no t  a l ready  
fami l ia r  wi th  holography.  Pulsed  d i f fe ren t ia l  ho lography i s  then 
d iscussed  and  appl ied  to  harmonica l ly  v ibra t ing  objec ts ,  such  as  a high- 
tempera ture  p la te .  Analy t ica l  resu l t s  a re  presented  for  the  impor tan t  
case of  time-delay,  and  the question  of optimum t iming  the 
l a s e r  p u l s e s  ( w i t h  r e s p e c t  t o  t h e  p l a t e  v i b r a t i o n )  i s  discussed.   Resul ts  
a r e  p re sen ted  wh ich  ou t l ine  the  sens i t i v i ty ,  capab i l i t i e s ,  and  l imi t a t ions  
of t h e  d i f f e r e n t i a l  t e c h n i q u e .  A probab i l i t y  ana lys i s  is presented   for  
the  case  of  "random timing of t h e  f i r s t  p u l s e " ;  random timing was 
a c t u a l l y  u s e d  i n  some of the high-temperature experiments. 
De ta i l s  of t h e  v i b r a t i o n  tests and problems involved are presented 
i n  t h e  n e x t  two sec t ions .  The tests a t  1000°F were conducted  using  an 
8" x 10" s t a i n l e s s  s teel  p l a t e  and optimum sychroniza t ion  of  the  laser  
w i th  the  p l a t e  v ib ra t ion .  In t e r f e rog rams  showing mode shapes are  
p re sen ted  fo r  s eve ra l  modes and frequencies,  a t  temperatures of 
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approximately 250,  515, 700, and 1040'F. Similar  results  are  presented 
in the next  section  for tests  at 1600'F and 2025'F. 
The  final  section on Concluding  Remarks  summarizes  the main  results 
obtained from this  study. 
Regarding  future  experiments  involving  differential  holography,  it 
appears  that  this  technique  may be applicable to  holographic  measurements 
of flutter in a  wind  tunnel. The  major  problems'of making  such  measurements 
in a wind 'tunnel  environment  involve  high  vibration  levels  and  the 
problem  of  turbulence in the  aerodynamic  boundary layer(s). ' By  using 
pulsed  differential  holography,  the  structural  deformation,(between 
exposures)  would be  recorded,  and (hopefully)  the  wind  tunnel  turbu1enc.e 
would  not  change  appreciably  and  distort  the  interferogram.  Preliminary 
calculations  involving  various  boundary  layer  thicknesses  and  wind  tunnel 
Mach  numbers  appear  encouraging.  The  measurement  of  panel  flutter  by 
pulsed  differential  techniques  has been  suggested, and  the  approach 
might work equally well for larger  structures,  such  as  wings  and  small- 
scale  aeroelastic  models  of  aircraft. 
A related  problem  (which  may be amenable  to  a  similar  solution) 
involves  the  response  of  skin  panels  to  the  turbulent  pressure  fluctuations 
in the  boundary  layer  on  large  flight  vehicles.  Tests  are  frequently 
conducted in large  wind  tunnels  to  simulate  the  response  of  the  vehicle 
panels.  The  response  can  be  viewed  as  the  superposition  of  many  structural 
modes  responding  simultaneously.  Conventional  instrumentation  for  such 
tests  involves  fixed  transducers  which  give  the  (local)  panel  displacement 
as a  function of  time.  By  employing  pulsed  differential  holography in 
such  tests,  one  can  record  the  structural  velocity, G, at  time t The 
differential  hologram  gives  a  measure  of  the  instantaneous  surface 
velocity - (over  the surface of the  panel,  x,y)  at  a  particular  time, 
tl. Such  spatial  measurements  may be correlated  with  the  point  transducers 
used  conventionally  and  provide  complementary  information  not  currently 
available. 
1' 
at 
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2.0 HOLOGRAPHY AND HOLOGRAPHIC  NTERFEROMETRY 
In t roduc t ion  and Background 
The term "holography" is used  to  descr ibe  a means of record ing  the  
amplitudes and phases of waves, such as l i g h t  waves o r  sound waves. 
Holography o r ig ina t ed  wi th  Gabor  (Ref. 1 )  who po in ted  ou t  t he  poss ib i l i t y  
of recording (on a p iece  of photographic  f i lm) the ampli tudes and phases 
of coherent,  mon.ochromatic l i g h t  waves transmitted through a t r anspa ren t  
ob jec t .  By then  projecting  l ight  through  the  photographic  f i lm  (which 
i s  c a l l e d  a Ilhologramll) i t  i s  poss ib le  to  reproduce  a three-dimensional 
image  of t h e  o r i g i n a l  o b j e c t .  
The reproduct ion of  images as Gabor suggested became p r a c t i c a l  w i t h  
the  advent of t h e  laser as a source of monochromatic,  coherent  light.  In 
1964, Leith and  Upatnieks  (Ref. 2) demonstrated that a three-dimensional 
image of an opaque object could be reconstructed i n  a manner similar t o  
that proposed by Gabor. Figure 1 shows a typ ica l  se t -up  of the  appara tus  
used i n  t h e  L e i t h  and Upatnieks holographic method. 
Laser 
Hologram 
Observer 
Figure 1 - Lef t :  Image Recording  Process 
Right:  Image Retrieval 
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I n  making the hologram, the l ight  waves from the object  (object  beam) 
i n t e r a c t  w i t h  t h e  l i g h t  from the  mi r ro r  ( r e fe rence  beam). When the l i g h t  
f rom the mirror  is i n  phase  wi th  the  l i gh t  from t h e  o b j e c t ,  t h e  waves add; 
conversely,  the waves cancel one another when they are out of phase. This 
t y p e  o f  i n t e r a c t i o n  r e s u l t s  i n  v a r i a t i o n s  i n  t h e  i n t e n s i t y  of t h e  l i g h t  
s t r ik ing  the  pho tograph ic  f i lm  ( these  are s p a t i a l  v a r i a t i o n s  i n  i n t e n s i t y ,  
i n  t h e  p l a n e  of the hologram). Since photographic fi lm reacts t o  t h e  
in tens i ty  of  l igh t  impinging  on i t ,  the exposed falm gives a permanent 
r eco rd  o f  t he  in t e rac t ion  of t h e  two l i g h t  beams. 
To r e c o n s t r u c t  t h e  image of t h e  o b j e c t  from the hologram, the de- 
veloped photographic fi lm i s  il luminated with any monochromatic l ight 
sou rce ,  e .g . ,  t he  o r ig ina l  laser. Now t h e  l i g h t  i n t e r a c t s  w i t h  t h e  
hologram, and t h e  r e s u l t  i s  a three-dimensional image of t h e  o r i g i n a l  
ob jec t .  The r econs t ruc t ion  of  images in  th i s  f a sh ion  can  be  desc r ibed  
mathematically,  and derivations are a v a i l a b l e  i n  many textbooks (Ref. 3,  
4 ,  5). 
Double-Exposure Holographic Interferometry 
Although image r econs t ruc t ion  was one of t h e  f i r s t  a p p l i c a t i o n s  of 
holography, a technique  tha t  has  shown more p o t e n t i a l  from a research  
s tandpoin t  is "double-exposure holography," which i s  one form of holo- 
graphic   interferometry  (Ref .  6 ) .  The e s s e n t i a l  ideas are as fol lows:  
f i r s t  make a hologram of the object you wish .to examine; then subject 
t he  ob jec t  t o  loads  which cause i t  t o  deform, and expose the same holo- 
gram f o r  a second t i m e .  Now when t h i s  "double-exposed  hologram" is 
developed  and  then  illuminated, two images are produced:  one i s  from the  
undeformed  body, t h e  o t h e r  from the  deformed  body. These l i g h t  waves 
(which  form t h e  two images) i n t e r a c t  w i t h  one another,  thereby creating 
in t e r f e rence   f r inge   pa t t e rns .   (See   F igu re  2 ,  f o r  example.) By analyzing 
the fr inge pat terns ,  one can determine the surface deformations of 
t he  body, which were caused by the applied load. 
Several papers have been written showing how the  in t e r f e rence  
f r inge  pa t t e rns  can  be  r e l a t ed  to  the  de fo rma t ion  of t h e  o b j e c t :  see, 
f o r  example,  Ref. 7 ,  8. 9 ,  and 10. 
A s  just  presented, "double-exposure holographic interferometry' '  
can  be  used  to  record  the  re la t ive  deformat ion  of a s t r u c t u r e  as i t  
passes  from  one s ta te  ("undeformed", s ay )  t o  ano the r  ( the  "deformed" 
s t a t e ) .  It should  be  ev ident  tha t  the  two states of  deformation  corre- 
spond t o  t h e  f i r s t  e x p o s u r e  and the second exposure of the hologram, 
respec t ive ly .  
I n i t i a l  work with  double-exposure  holograms  involved  measureTent 
of d e f l e c t i o n s  from an unstressed s ta te  ( t h e  i n i t i a l  d i s p l a c e m e n t ,  u 
w a s  ze ro )  t o  a nearby  s t ressed  state of s t a t i c  equilibrium (u2 # 0) .  
+- 1 
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Thus, t h e  relative deformation measured between exposures w a s  
+ . -  - + '  + + 
U2' - u1 = u2 - 0 = u 
, .  
(2-1) 
. .  
where  the  displacement  vector u w a s  a func t ion  of p o s i t i o n  (x) on, 
t he  ob jec t ,  bu t  d id  no t  va ry  wi th  time, t. (See f o r  example,  Ref. 9 and 
-+ . .  -% 
IO.) 
This work was soon extended t o  dynamic problems, hqwever, i n  
which the  f i r s t  exposure  r eco rded  the  uns t r e s sed  s ta te  (u = 0) and t h e  
second  exposure  recorded  the  deformed s ta te ,  u2(x,  ti)  where t denotes 
t h e  p a r t i c u l a r  i n s t a n t  i n  t i m e  when the second exposure was made. Typical 
examples of t h i s  t ype  invo lve  e las t ic  wave propagation i n  s t r u c t u r e s ;  see 
References 11, 12,  1 3 ,  and Figure 2. The s igni f icant  d i f fe rence  be tween 
the  s t a t i c  and dynamic events (from a holographic  s tandpoint)  is t h a t  
s t a t i c  displacements can be recorded with continuous-wave lasers, but 
high-speed dynamic events require the use of pu lsed  lasers. (The  main 
advantages and disadvantages of cw and pulsed laser holography are  
p r e s e n t e d  i n  a subsequent section.)  
-+ 1 
i 
Another extension of double-exposure holonraphv involves 
s t a t e s  of deformation, with corresponding displacements u1 and u 
For  example,  the  displacement u i n  s t a t i c  problems'  depends  2pon  the 
appl ied  load,  P. When the   load   has  a va lue  P displacement u r e s u l t s  , 
and t h e  f i r s t  e x p o s u r e  of the  hologram i s  made.  The load is  then changed 
t o  a value P2, ( the corresponding displacement state is  denoted by 
and a second exposure i s  made. The interference fr inges which form 
(when t h e  hologram i s  recons t ruc ted)  are r e l a t e d  t o  t h e  r e l a t i v e  
displacement (z2 - ul)  between  exposures. 
+ -+ 
+ 2' 
1' 1 
-+ 
u2) 
-+ 
This  type of (static) double-exposure holography w a s  demonstrated 
i n  Ref. 1 4  f o r  s ta t ic  loading and buckling of c y l i n d r i c a l  s h e l l s .  Similar 
resul ts  have been obtained for  t ime-dependent  displacements:  see Ref. 
11 and15  , f o r  example.  Imagine t h a t  w e  wish  to   s tudy  deformations 
u ( x ,  t )  t h a t  depend  upon p o s i t i o n  (s) and time, t .  With a pulsed  ruby 
laser, w e  can  expose  the  hologram twice, a t  times t and t Then 
the  in t e r f e rence  f r inges  g ive  a measure of r e l a t ive  d i sp lacemen t ,  
+-+  
1 2' 
6 
( a )  A = 80 psec ( b )  A = 100 psec 
( C )  A = 130 pSa: ( d )  A = 150 psec 
Figure 2 - Double-Exposure Holograms Showing Transverse  Wave 
Propagation  in  a  Plate (From R e f .  12) 
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Now suppose  that  t i m e  t2 is  very   near  t t h a t  is, 1; 
t2 = tl + A t  (2-3) 
where A t  (for  problems of interest he re in )  is on   the   o rder  of 50 
microseconds. Assuming the  displacement   f ie ld   u(x,  t) i s  a continuous 
function  of time, w e  can  expand a(2, t 2 )  i n  a Taylor series about 
t = t Equation  (2-2)  then becomes 
+ +  
1' 
which s i m p l i f i e s  t o  
-f -+ 
6 = au (g, t,) A t  + O ( A t >  2 a t  
Equation (2-5) simply states tha t  t he  d i sp lacemen t  ( 6 )  which is recorded 
holographic$ly, is well-approximated by the product of the surface 
v e l o c i t y  and t h e  time i n t e r v a l ,  A t .  
-b 
a t  
S i n c e  t h i s  t y p e  of double-exposure holography involves small 
d i f f e rences ,  
au = u 
+ +  + 
2 - u1 
and 
A t  = t 2 - 
i t  has  been  termed  "differential   holographic  interferometry".  A 
sepa ra t e  sec t ion  of t h i s  r e p o r t  i s  devoted t o  v i b r a t i o n  a n a l y s i s  u s i n g  
t h i s  d i f f e r e n t i a l  t e c h n i q u e ;  b u t  f i r s t  some understanding of continuous- 
wave and pulsed laser holography is  requi red ,  as ou t l ined  in  the  fo l lowing  
paragraphs.  
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Continuous-Wave vs. Pulsed-Laser Holography 
Continuous-wave lasers operate  cont inuously,  as t h e i r  name implies .  
Typ ica l ly  the  power output of cw lasers (used f o r  holography) is on 
the  o rde r  of 15 t o  50 milliwatts. These power levels are s u c h  t h a t  r e l a t i v e l y  
long" exposure times are r e q u i r e d  t o  make holograms with cw lasers. 
For example, typical exposure times f o r  cw holography range from 5 seconds 
to  severa l  minutes .  (The exposure t i m e  requi red  is a func t ion  of  the  
s e n s i t i v i t y  of the photographic  emulsion and the intensi ty  of t h e  l i g h t  
reaching  the  hologram. ) 
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For ordinary, single-exposure holography, i t  is  common p r a c t i c e  
t o  r e q u i r e  t h a t  t h e  r e s u l t a n t  of a l l  changes i n  o p t i c a l  p a t h  l e n g t h  
(due to  noise ,  seismic d i s tu rbances ,  e t c . )  be  less than l / lOth of  a 
wavelength &inP the  exposure time. For  long  exposure times, (such as 
those  used i n  continuous-wave  holography) t h i s  c r i t e r i o n  of X/10 places  
s t r ingent  mechanica l  s tab i l i ty  requi rements  on the  en t i r e  op t i ca l  a r r angemen t  
a s  w e l l  as on the  objec t  be ing  recorded .  These  s tab i l i ty  requi rements  
are commonly s a t i s f i e d  b y  ( i )  u s i n g  l a r g e ,  m a s s i v e  seismic t a b l e s  t h a t  
are v ib ra t ion - i so l a t ed ,  ( i i )  t u rn ing  o f f  t he  a i r - cond i t ion ing  ( to  r educe  
spurious a i r  c u r r e n t s  i n  t h e  room),  and ( i i i )  u s ing  va r ious  o the r  t echn iques  
to   reduce  noise ,  unwanted v ib ra t ion ,  etc.  These  severe,  long-term 
s t a b i l i t y  r e q u i r e m e n t s ,  which apply t o  continuous-wave holography, have 
restricted i ts  use and by-and-large l i m i t e d  i t  to  the laboratory environment .  
On the other  hand,  pulsed laser holography usually involves exposure times 
which a re  ve ry  sho r t :  50 nanoseconds is t y p i c a l  f o r  a pulsed  ruby laser.  
Such pulsed lasers emit ve ry  h igh - in t ens i ty  l i gh t ,  which is  s u f f i c i e n t  t o  
form a hologram on the photographic  plate ,  despi te  the short  exposure t i m e .  
The bas i c  s t ab i l i t y  r equ i r emen t  - i . e . ,  t h a t  a l l  path length changes must 
be less than X/10, during  the  exposure - s t i l l  i s  v a l i d .  However, s i n c e  
the  xposure t i m e  i s  s h o r t  (50 x 10 sec),   and  most random mechanical 
dis turbances are s u f f i c i e n t l y  "low-frequency'' , i t  becomes poss ib l e  to  
make pulsed laser holograms on ordinary wooden t a b l e s ,  i n  n o i s y  machine- 
shop  environments,  etc. (A discussion  of   the limits on the  no i se ,  what 
amplitude and frequency can be tolerated, etc. i s  g iven  in  Sec t ion  3.0.) 
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Now consider our problem of measuring the vibration modes of a 
high-temperature  plate ,  using holographic  interferometry (see Figure 3 ) .  
The main problem t o  b e  overcome i n  such an experiment involves the 
thermal convection currents. Thermal convection causes changes i n  t h e  i n d e x  
of r e f r a c t i o n  a n d  r e s u l t s  i n  random f l u c t u a t i o n s  i n  t h e  o p t i c a l  p a t h  l e n g t h .  
If t h e  p l a t e  were a t  room temperature,  i t  would be  poss ib l e  to  r eco rd  the  
v ib ra t ion  modes using "time-average'' holography with a continuous-wave laser 
(see  Ref.  16  and 1 7 ,  f o r  example). (An example of a time-average  hologram 
of a v i b r a t i n g   p l a t e  is shown i n   F i g u r e  4 .) 
I n  "time-average" holography, the intensity of the reconstructed 
image  (from the developed hologram) i s  r e l a t ed  to  the  squa re  o f  time 
i n t e g r a l  
Ir % E 2 
9 
Laser 
\ 
Hologram 
High Temperature 
Vibra t ing  P la te  
w % A sinwt 
Thermal Convection: 
Source of Optical  Path Noise,  N(t)  
Figure 3: Holographic Arrangement for Recording Vibration Modes of 
High-Temperature P l a t e s .  
I 
Figure 4 - Time-Average  Hologram of the 1 x 2 Mode of a 
Vibration  Rectangular Plate (f = 357 cps, Ref. 17) 
where 
T i s  the  exposure t i m e ,  and  $(t)  i s  the  t ime-varying  phase.   I f   the  
p l a t e  i s  v ibra t ing   s inusoida l ly   wi th   f requency  R and  amplitude m, 
then (for normal i l lumination and viewing) 
$(t) = (m s i n   t )  271 
0 
(providing T > - 2Tr R >. The i n t e n s i t y  of the  reconstructed  image, I ~ ,  i s  
proport ional  to  the zero-order  Bessel funct ion,  squared:  
Thus,  the zeroes of t h e  Bessel func t ion  cor respond to  loca t ions  
where  the  in tens i ty  I i s  ze ro ,  wh ich  a re  the  b l ack  in t e r f e rence  f r inges  
(see Figure 4 ) .  r 
Now imagine that  w e  try to use t ime-average holography when t h e  
p l a t e  i s  h e a t e d .   I n   t h i s  case, the   phase   $ ( t ) ,   con ta ins  a ''noisell 
term, N(t)  : 
$ ( t )  = A [m s i n  R t + N(t)] 271 
where the "noise" i s  caused by optical path length changes through the 
thermal convection currents.  The o p t i c a l  p a t h  l e n g t h  i s  the product  of 
the  phys ica l  pa th  length  times the  index  of  re f rac t ion ,  rl, o f  t he  medium 
(e .g . ,  the  sur rounding  a i r ) .  The index of r e f r a c t i o n  i n  g a s e s  depends 
pr imar i ly  upon t h e  d e n s i t y ,  p ,  and the  dens i ty  varies with the temperature .  
Thus ,  f luc tua t ions  in  the  thermal  convec t ion  cur ren ts  near  the  p la te  
eventually lead to the t ime-dependent noise term, N( t ) .  
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I n  t h i s  case, the  t ime- in tegra t ion  g ives  
J 
0 
C l e a r l y ,  i f  w e  limit the noise  ampli tude,  such that  
o r  
i - N(t) 2ll x then  the  term e 
(approximately) the s tandard,  room-temperature  resul t ,  
i s  approximately unity and w e  rega in  
which w a s  presented previously.  
S imi l a r ly ,  i t  appea r s   t ha t  when N(t)  i s  s u f f i c i e n t l y   l a r g e  (and 
2ll 
i 7 N(t) 
a l s o   u f f i c i e n t l y  random) t h e   f a c t o r  e can  t ke any  value 
(on t h e  u n i t  circle i n  t h e  complex p l a n e )  i n  a random fash ion  and cause 
t h e  t i m e  i n t e g r a l  f o r  E to  vanish.  (For  a fu r the r  d i scuss ion  of t h i s  
p o h t ,  see Refs. 18 and  19 .> The important   noise   factor   N(t)   f rom 
the convection currents is a func t ion  of  the  tempera ture  (ca l l  i t  O), 
and t h e  t i m e ,  t. From t e x t s  on f l u i d  mechanics  (e.g.,  Ref. 20 )  i t  is 
expected that  the free  convect ion boundary layer  (on a h e a t e d ,  v e r t i c a l  
p l a t e )  w i l l  be  laminar  ( i .e. ,  s teady)  a t  low temperatures and eventually 
become tu rbu len t  (random) as the  temperature  increases.  When the  f low 
is  s t e a d y  ( i .  e. , not time-dependent) then the noise N( t )  i s  zero and 
continuous-wave  holography  remains  feasible. A s  the   t empera ture   increases ,  
t h e  t u r b u l e n t  e d d i e s  i n  t h e  f l o w  i n c r e a s e  t h e  random path length changes 
and eventual ly  prevent  the formation of continuous-wave holograms. 
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T h i s  q u a l i t a t i v e  d e s c r i p t i o n  is  i n  agreement with experiments 
involving cw holography of heated objects.  For example,  Reference 2 1  
showed that good-quality continuous-wave holograms of vibrating turbine 
b lades  can  be  made i n  air  a t .  temperatures up t o  300°C (572OF). Higher 
temperatures can be achieved by using a helium atmosphere (e. g. , Ref. 22) 
which has a smaller change i n  index of  refract ion with temperature .  
Experiments have shown t h a t  good q u a l i t y  cw holograms can be made a t  
temperatures from 800 - 1000°F i n  a helium  atmosphere. Above these  
t empera tu res ,  t he  des i r ed  in t e r f e rence  f r inges  (due t o  e i t h e r  s ta t ic  o r  
vibratory displacements)  eventual ly  become  weak (low-contrast) and 
gradual ly  disappear .  
Another approach, which was also demonstrated at TRW (Ref. lo) , 
is  t o  remove the thermal  convect ion currents  by using a vacuum enclosure.  
Double-exposure, cw holograms  of a hea ted  turb ine  b lade  (1400'F) are 
repor ted  in  Ref .  1 0 .  A similar approach was o r ig ina l ly  in t ended  fo r  u se  
i n  t h e  p r e s e n t  s t u d y  of h e a t e d ,  v i b r a t i n g  p l a t e s .  However, t h i s  method 
invo lves  s ign i f i can t  hea t  l oads  on the  vacuum chamber, which can cause 
problems with the windows , thermal creep, etc. The cr i ter ia  of mechanical 
s t a b i l i t y  (random displacements less than X/10) during  exposure s t i l l  
a p p l i e s ,  b u t  i t  is  complicated by the vacuum chamber  and the  hea t  i npu t .  
I n  a d d i t i o n ,  s i n c e  t h e  i n t e n t  of t h i s  s t u d y  was to  deve lop  p rac t i ca l ,  
workable means of  measuring plate  vibrat ion modes a t  high temperatures,  
i t  became appa ren t  t ha t  w e  should concentrate  our  effor ts  on "pulsed 
different ia l  holography" (and thus avoid many mechanical complications, 
such as t h e  vacuum chamber). 
The use of "different ia l  holography" as a means of  e l iminat ing 
the  no i se  from convection currents is  d i scussed  in  the  fo l lowing  pa rag raphs .  
Pulsed Different ia l  Holographic  Interferometry 
The bas i c  ideas  invo lved  in  "d i f f e ren t i a l  ho log raph ic  in t e r f e romet ry"  
have already been introduced i n  t h e  d i s c u s s i o n  of double-exposure holography 
(see Equation 2-2). The p resen t  s ec t ion  w i l l  d iscuss  the appl icat ion of  
pu l sed  d i f f e ren t i a l  ho log raphy  to  e l imina te  the  e f f ec t s  of the thermal  
convect ion currents .  
When t h e  p l a t e  i s  v ib ra t ing  s inuso ida l ly  and s igni f icant  thermal  
convection i s  present ,  the ( t ime-varying)  change in  opt ical  path length 
(e .  g. , from the laser , t o  t h e  v i b r a t i n g  p l a t e ,  a n d  t h e n  t o  t h e  hologram) 
is  given by 
@ ( t )  = x  2.rr [m s i n  Q t + N(t) I (2-6) 
where the amplitude, m y  is a func t ion  of the co-ordinates  (x, y )  i n  t h e  
plane of the  v ibra t ing  p la te  and  the  thermal  convec t ion  noise ,  N( t ) ,  varies 
with space (x,  y) as w e l l  as the  t i m e ,  t. 
14 
NOW w e  use  the ,pu l sed  laser t o  expose the hologra#at  times tl and 
t2. ' The resu l t i ng  in t e r f e rog ram reco rds  the  d i f f e rence  ' i n  phase  + (t,) - 
+(tl>. And, as before ,  ' ,  i f  t 2  = t + A t y  w e  have (by a Taylor's Series 
expa+  ion) . .  
1 . I  
. .  , .  
/ .  
= 6 A t  + O(At) 2 (2-7) 
where 4 i s  t h e  t i m e  rate of  change  of the  phase,   evaluated a t  t = t 
Subst i tut ing Equat ion (2-6) i n t o  (2-7) w e  have 
1' 
I n  o rde r  t o  r eco rd  the  mode shape of  the vibrat ing panel ,  w e  r e q u i r e  t h a t  
wh ich  says  tha t  ou r  s igna l  ( i n  th i s  case, t h e  v e l o c i t y  of t h e  p l a t e ,  a t  
t i m e  t ) be much greater  than the "noise"  (which i n  t h i s  c a s e  is N, 
e v a l u a t e d  a t  t i m e  t ). An a l t e r n a t e  c r i t e r i o n  t o  l i m i t  N(t)  might  be 1 1 
N A t  << 3 x (2-10) 
which means t h a t  between the exposures a t  tl and t, the change in o p t i c a l  
pa th  length  (due  to  the  noise  a lone)  will n o t  b e  s u f f i c i e n t  t o  c a u s e  a f r i n g e  
on the   i t e r fe rogram.  (The f r i n g e  forms when the  
phase change $ (t,) - 9 (t,) 
I n  t h e  case of no i se  due to  thermal  convect ion,  the f luid mechanics  
and turbulence is  such that  re la t ively low-frequencies  and ampli tudes 
cont r ibu te  to  the  noise .  Thus ,  by an appropriate choice of A t ,  w e  can 
l a r g e l y  e l i m i n a t e  t h e  e f f e c t s  of thermal   convect ion.   In   s implif ied form, 
t he  v ib ra t ing  p l a t e  d i sp l aces  an  amount (m R cos R t )At  between  exposures 
*The pulsed laser exposes  the  hologram i n  approximately  50 x sec., 
1 
and as such acts much l i k e  a Dirac de l t a  func t ion  app l i ed  a t  times tl and t2. 
15 
of t h e  hologram, but  the thermal  convect ion currents  s imply do no t  
change between exposures (since the convection i s  r e a l l y  "slowly-varying" 
i n  time) . 
The reader  should recognize that  the turbulence (which leads to  
the   no i se  N) depends  upon  temperature.  Thus, as the   t empera ture   increases ,  
s o  does the noise  and i t  might become necessary to  adjust  the t ime-delay 
A t  i n  o r d e r  t o  s a t i s f y  t h e  i n e q u a l i t y  (2-10). Our experiments were 
conducted using A t  = 50 usee between pulses, and mode shapes were recorded 
successfu l ly  (wi th  l i t t l e  o r  no  noise) up t o  2000'F. However, i t  appears 
t h a t   f o r   e a c h  time delay A t  t he re  i s  a maximum temperature 0 above 
which t h e  n o i s e  e f f e c t s  become s i g n i f i c a n t  , i. e. , when N A t  is  not small 
i n  comparison t o  X/2. A t  these  extreme  temperatures,  the  hologram 
becomes ' lcorrupted ' '  or  dis tor ted by the presence of  the noise  and does 
no t  f a i th fu l ly  r eco rd  the  de f l ec t ion  shape .  
IWX 
I n t e r p r e t a t i o n  of the  Fr inge  Pa t te rns :  
Displacements and Mode Shapes 
The recons t ruc ted  image from a holographic  in te r fe rogram possesses  
da rk   bands   o r   l i nes ,   ca l l ed   i n t e r f e rence   f r inges .  (Examples  of  such 
f r i n g e s  are g i v e n  i n  F i g u r e s  2 and 4 . )  A major feature of holographic 
in te r fe rometry  i s  t h a t  i t  allows us to measure the displacements of a 
v ib ra t ing  s t ruc tu re ,  by  r e l a t ing  the  d i sp lacemen t s  t o  the  da rk  in t e r f e rence  
f r i n g e s  . 
Several papers have been published which deal with the relations 
between a d i sp l acemen t  f i e ld  and the corresponding holographic  interferogram. 
(For a genera l  d i scuss ion  of the  problem, see References 7 , 8 , and 
9.) A step-by-step,   detailed  derivation  of  the  governing  equations i s  
g i v e n  i n  Appendix A of Re fe rence17 ,  which deals with time-average, real- 
time, and double-exposure holography. 
We are concerned herein with the resul ts  for  double-exposure holo- 
graphy, and the equations can be expressed conveniently in vector form, 
as shown i n  Ref. 9 . I n   p a r t i c u l a r ,  Ref. 9 shows tha t   t he   r econs t ruc t ed  
image of a hologram exposed twice t o  a n  o b j e c t  which has deformed between 
exposures w i l l  exh ib i t  da rk  f r inges  on  pa r t s  of the  objec t  wherever  the  
condi t ion 
is s a t i s f i e d ;  where 
-+ 
6 = the  d isp lacement  vec tor  
(2-11) 
X = wavelength of t h e  l i g h t  from t h e  laser used to  
make and reconstruct the holographic images 
16 
+ 
n = u n i t  vector i n  the d i r e c t i o n  from t h e  ob j ect 
t o  t h e  i l l u m i n a t i n g  source 
+- 
= unit vector i n  the d i r e c t i o n  of viev, from the 
object through the hologram to &e observer 
n = integer, t h e   f r i n g e   o r d e r ,  51,. -kZ9 53- erc. 
V 
The term 6 - (ni + n ) is i l l u s t r a t e d  by the  vec to r  d i ag ram sham i n  
Figure 5. The term (n. t n ) is a vec to r  sum, and i t  is represented by 
a vector which l ies in the plane concaining n and n and bisects the 
angle  between them The  magnitude  of t h i s  v e c t o r  sum is  2 cos  - 2 f' B 
where  (ni, n >. is the angle  which is  b isec ted .  FZnalJy ,  the  dot  product  
6 - (ni + n ) is t h e  p r o j e c t i o n  of the displacement vector 6 in  t h e  
d i r e c t i o n  of cn + nv) ,  as shown i n  F i g u r e  5. 
+ + +  
v+ -+ 
1 V + -+ 
i V I(; +- n. )I 
+ +  
-+ f - t V  +- 
v - +  -+ 
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A p a r t i c u l a r  case a.f Equation (2-11)  which occur s  f r equen t ly  in  
p r a c t i c e  is  i l l u s t r a t e d  i n  Figure 6.  Re fe r r ing  to  F igu re  6 ,  t h e  s t r u c t u r e  
of i n t e r e s t  ( t h e  h e a t e d  p l a t e ,  f o r  example) l ies i n  t h e  x-y plane.  
Ignor ing  va r i a t ions  in  the  y -d i r ec t ion ,  w e  have  for  the  i l lumina t ion  and  
viewing vectors 
and 
+- 
n = - ( s i n  ev) 1 + (cos -t 
V 
(2-12) 
-+ + 
where i and k are u n i t   v e c t o r s   i n   t h e  x and z di rec t ions ,   and  
the angles  0 .  and 0 are shown i n   F i g u r e  6. Now denote   the  displacement  
vec to r  , 6 , by i t s  x ,  y ,  and z components : 
+ 1  V 
+ +- + -+ 
6 = u i + v j + w k  (2-13) 
Forming the. dot-product i n  Equation (2-11) w e  have 
u ( s in  ei - s i n  e 1 + w(cos O i  + cos = (2n f 1)X 
V 2 (2-14 1 
For  t r ansve r se  v ib ra t ions  (o f  p l a t e s ,  beams, she l l s ,  etc.)  it is u s u a l  
that t h e  d e f l e c t i o n ,  w, is much greater  than the in-plane displacement ,  
u. I n  a d d i t i o n ,  many experiments are purposely designed such that  the 
angles  Bi and OV are very small (i. e. , less than 5") . Under these  
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Figure 6: Diagram  Illustrating the Illumination and  Viewing Angles Bi and Ov.  
I 
conditions,  Equation (2-14) is well-approximated by 
(2n f 111 w =  (2n & 1 ) h  4  COS ei + COS ev) x (2-15) 
Equation  (2-15) relates the  t r ansve r se  de f l ec t ion  w (between two 
exposures  of  the  hologram)  to  the  in te r fe rence  f r inge  pa t te rn  of  the  
reconstructed  image.  Thus, a b l a c k  i n t e r f e r e n c e  f r i n g e  f o r  which t h e  
f r i n g e  o r d e r  n = + 1 corresponds t o  a d e f l e c t i o n  ( a t  t h e  f r i n g e  l o c a t i o n )  
of w = - between  exposures.   Similarly,   the n = 2 dark  f r inge  corresponds 
t o  a d e f l e c t i o n  w = - . Thus, t he  in t e r f e rence  f r inges  can  b e  regarded 
a s  "con tour  l i nes ' '  ( a s  i n  the  case of t e r r a i n  maps of  topology) of equal  
amplitudes  of  displacement.  These  contour  lines  (on  which  the  fringe 
order  is  constant)  vary over  the surface of t h e  p l a t e ,  ( x ,  y ) ,  a n d  g i v e  
a r e a d i l y - i n t e r p r e t e d  o v e r a l l  view of t h e  p l a t e  d e f l e c t i o n .  For  example, 
t he  idea  of axi-symmetric waves propagat ing radial ly  outward i s  c l e a r l y  
apparent  f rom Figure 2,  and the vibrat ion of a r e c t a n g u l a r  p l a t e  i n  
the  1 by 2 mode is  clear from  Figure 4 .  
h 
4 31 
4 
To o b t a i n  q u a n i t a t i t i v e  d a t a  f o r  t h e  d e f l e c t i o n ,  w ,  as a func t ion  
of  space (x,  y) ,  i t  i s  necessa ry  to  employ the  holographic  equat ion  
(e .g . ,  2-15) and t o  l o c a t e  t h e  f r i n g e  on the  su r face  o f  t he  p l a t e .  For 
example, by placing a r u l e r  p a r a l l e l  t o  t h e  e d g e  of t h e  p l a t e  on t h e  
photograph (such as Figure 4 )  w e  can locate  the x-coordinate  of t he  
f r i n g e s  f o r  any  given y value.  Then, using  Equation (2-15) we can 
de termine  the  def lec t ion ,  w ,  a t  these  x- loca t ions .  The r e s u l t s  g i v e  
d iscre te  da ta  poin ts ,  which  show t h e  d e f l e c t i o n  w a t  p a r t i c u l a r  l o c a t i o n s  
(xi,  yi). A s  an example,  for  resonant  vibrat ions of  a simply-supported 
r e c t a n g u l a r  p l a t e  , t h e  v i b r a t i o n  mode shape i s  given by (Ref. 23) 
= @ ( X ,  y) = s i n  - mmx s i n  EY mn a b (2-16) 
where a ,  b a r e  t h e  l e n g t h s  of t h e  s i d e s  of t h e  p l a t e ,  which coincide 
wi th   the  x and y axes.   Normally,   one  determines  the  deflection 
w along l i n e s  where E Y  = m/2 i s  a constant ,   and  thus  obtains   the 
x-dependence  (or  vice-versa). A p l o t  of a t y p i c a l  v i b r a t i o n  mode obtained 
i n  t h i s  f a s h i o n  is shown i n  F i g u r e  7.* S i m i l a r  r e s u l t s ,  o b t a i n e d  a t  
b 
* The reader  should  note  tha t  F igure  7 w a s  obtained from a time-average 
hologram, f o r  wh ich  the  f r inge  in t e rp re t a t ion  is different  than Equat ion 
(2-15). See Ref .  16  for  a d iscuss ion  of time-average  holography. 
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F igure  7 - Mode Shape of t h e  1x2 Mode  Shown i n  F i g u r e  2 .  (Ref.   17) 
21 
high temperatures through the use of pulsed differential holography, 
are  presented herein (see Sections 4.0 and 5.0 ). With this  information 
as backgcound, let us now consider ,the special case of pulsed differential 
holography applied to sinusoidally vibrating objects . 
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3.0 PULSED DIFFERENTIAL HOLOGRAPHY 
APPLIED TO VIBRATING OBJECTS 
In t roduc t ion  
The b a s i c   i d e a s  of pu lsed  d i f fe ren t ia l  ho lography have  been  descr ibed  
i n  S e c t i o n  2.0. The p resen t  s ec t ion  d i scusses  some of t h e  p r a c t i c a l  
a spec t s  of t h e  problem when t h e  s t r u c t u r e  i s  v i b r a t i n g  s i n u s o i d a l l y  i n  - 
a normal mode. Approximate results f o r  small time delay are g iven  here in ,  
as w e l l  as the  genera l  case. o f  a r b i t r a r y  A t .  The " s e n s i t i v i t y "  of the 
pu l sed  d i f f e ren t i a l  t echn ique  is discussed,  i .e.,  i ts  a b i l i t y  t o  d e t e c t  
a pa r t i cu la r  v ib ra t ion  ampl i tude  at a given frequency, assuming the time 
delay,  A t ,  is f ixed.  The in f luence  of "noise" (due t o  random mechanical 
o r  o p t i c a l  d i s t u r b a n c e s )  is also considered.  
. .  
Harmonic V i b r a t i o n s   i n  a Single  Mode 
Cons ider   the   resonant ,   t ransverse   v ibra t ions  of a f l a t  p l a t e ;  : 
t h e  lateral d e f l e c t i o n ,  w, is given by 
w(x, y ,  t) = A i  Qmn (x,y) s i n  w t mn (3-1) 
vhere  A. is t h e  (maximum) v ibra t ion   ampl i tude  
(x,  y)  descr ibes  the shape of t h e  n-nth v i b r a t i o n  mode, and 'mn 
w = 2.rrfmn is the vibrat ion frequency mn . .  
For example, i f  t h e  p l a t e  is rec tangular ,  i so t ropic ,  and .s~mply-suppor ted ,  
v7e have   the   fami la r   resu l t s   (Ref .   23)  
mode : 
frequency : w mn = [(y) + ($'I 
For discussion purposes ,  it is  s imple r  t o  focus  our a t t e n t i o n  on 
a p a r t i c u l a r  p o i n t  o n  t h e  p l a t e  ( p o i n t  P ,  w i t h  c o - o r d i n a t e s  x 
Then Equation (3-1) can  be  wr i t t en  a6 
p s  Yp) ' 
w(x , y p ,  t )  = A sin w t 
P (3-2) 
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where 
A = A. Qm(xP, yp) is the  loca l  ampl i tude  of v i b r a t i o n ,  
and w = 27rf is the   v ibra t ion   f requency .  
Now recall tha t  ou r  pu l sed  d i f f e ren t i a l  ho log ram reco rds  the  
relative displacement  between two exposures, made a t  times tl and 
t2 = ( t  + A t ) ,  respect ively.   Equat ion (2-15) can thus  be  combined wi th  
Equation (3-2) above t o  y i e l d  t h e  relative displacement 
1 
w2 - w = A s i n  w ( t ,  + A t )  - A s i n   u t  1 1 
(2n + 1 ) X  
4 
= 
Equat ion (3-3) ,  descr ibing s inusoidal  motion that  is instantaneously 
recorded a t  times t and t2 (by  the  l i gh t  pu l se s  f rom the  laser) is 
i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  8. 
1 
We r e f e r  t o  t h e  p r o d u c t  (ut,) as t h e  " i n i t i a l  p h a s e  ,I1 and t h e  
term ( w A t )  as the  "change i n  phase,"  respectively.   Equation (3-3) i s  
v a l i d  f o r  a l l  va lues  o f  t he  in i t i a l  phase  and t h e  t i m e  delay A t .  For 
small values of A t ,  t he  r e su l t s  can  be  s impl i f i ed  somewhat, as sho'cm 
in  the  fo l lowing  paragraphs .  
Approximate Results f o r  S m a l l  Time-Delays 
Equation (3-3) can be expanded using t r igonometr ic  ident i t ies  and 
the small-angle approximations 
which are v a l i d  when 
sin(oAt) M (wAt) 
cos(wAt) M 1 - O ( A t ) 2  
u(At) <<1 
(3-3) 
(3-4) 
The r e s u l t  i s  
w - w = w A(At)  COS w tl = (2n _+ l)X 2 1  4 (3-5) 
which is just a s p e c i a l  case of the Taylors expansion discussed previously 
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Figure 8: Sinusoidal  Displacement of a Vibrating  Plate.   (The relative displacement 
w 2  - w1 i s  recorded holographically by laser p u l s e s  a t  times t2 and t l . )  
(see Equation 2-4 ). The  pboduct w A cos w t i n  Equation (3-5) is 
just t h e  v e l o c i t y ,  8, evaluated a t  time t 1 1' 
The reade r  shou ld  no te  tha t  t he  spa t i a l  (x, y) dependence of t h e  
d e f l e c t i o n  is hidden i n  Equation (3-5) , b u t  it is present  , neve r the l e s s  
The in t e r f e rence  f r inges  ( l i nes  a long  which t h e  f r i n g e  o r d e r  n is 
constant)  are curves which vary i n  x and  y ( i . e .  , i n  t h e  p l a n e  of t h e  
plate) .  Similar ly ,  our  ' ' local  ampli tude",  A, is r e a l l y  a func t ion  of 
x and  y: A = A. am(x, y).  Thus, a pulsed   d i f fe ren t ia l   ho logram can 
be  used  to  determine mode shapes  (x,  y)  by means of Equation  (3-5). 
Two examples of holograms made i n   t h i s   f a s h i o n  are shown i n  F i g u r e s  9 
and 10, which involve vibrat ions of a p l a t e  a t  room temperature. It i s  
clear f rom these  resu l t s  tha t  d i f fe ren t ia l  ho lograms can  be  used  to  
r eco rd  v ib ra t ion  modes.  The s e n s i t i v i t y  of th i s  technique  - its c a p a b i l i t i e s  
and  l imi t a t ions  - are discussed i n  t h e  s e c t i o n  which follows. 
mn 
Sens i t i v i ty .Curves :   Capab i l i t i e s  and Limitat ions 
Using  the  re la t ion  w = 2af, Equation (3-5) can be wri t ten as 
27rf (At) A cos w tl = (2n k l)X 4 
or ,  so lv ing  fo r  t he  loca l  ampl i tude ,  A, w e  have  
A =  (2n k l ) h  4(2.rrf)(At) cos w tl 
o r  
A = F(n, X ,  f ,  A t ,  tl) 
i n  f u n c t i o n a l  form. Recall that  Equat ion (3-7) is va l id  on ly  when t h e  
i n e q u a l i t y  
is s a t i s f i e d .  T h i s  r e l a t i o n  can b e  p u t  i n  t h e  form 
At << - 1 
T 2.rr 
- 
where T = - 2s - is the  per iod  of   vibrat ion.  We see, then ,  tha t  the  
time delay between exposures of t h e  hologram must be small i n  comparison 
wi th  the  v ibra t ion  per iod ,  for  our  approximate  Equat ion  (3-7) to remain 
v a l i d .  
w - f  
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(3-7) 
Figure  9 - Differen t ia l  ho logram of the fundamental  mode. ( A t  = 
50 ps be tween  pu l ses ) .  F i r s t  pu l se  synchron ized  to  occur  
when p l a t e  h a s  maximum v e l o c i t y .  ( f  = 138 cps) 
F igure  10  - Differen t ia l  ho logram of 1 x 2mode. (At = 25 ps 
between  pulses).  Laser sychronized   to   d i sp lacement  
t ransducer .   ( f  = 342 cps)  
27 
To d e t e r m i n e  t h e  s e n s i t i v i t y  of the pulsed holographic system, ~7e 
want t o  f i n d  t h e  minimum value,  A, f o r  which Equation ( 3 - 7 )  holds.  The 
minimization i s  s u b j e c t  t o  p r a c t i c a l  c o n s t r a i n t s  on t h e  v a r i a b l e s  (n, A ,  
f ,  A t ,  and tl). For example, with the pulsed ruby laser used i n  our 
experiments, A is f i x e d  at 6943;; (i.e., 6 . 9 4 3  x a). Simi la r ly ,  
t h e  time delay between successive laser pu l ses  is l i m i t e d  (by t h e  
e l e c t r o n i c s )  t o  t h e  r a n g e  
1 ps I t 5 500 ps (3-9 1 
F i n a l l y ,  f o r  r e c o r d i n g  t h e  mode shape, @=(x, y)  , w e  want a t  least  some 
minimum number  of f r i n g e s  (n ) enclosing  each  antinode. min 
To minimize A i n  Equation ( 3 - 7 )  i t  is clear t h a t  t h e  term cos(@ t ) 
in  the denominator  should be made a max imum.  This is accomplished expermentiaaly 
by synchronizing the laser pu l se  wi th  the  p l a t e  v ib ra t ion  such  tha t  e f f ec t ive ly  
tl = 0. (The p l a t e  v e l o c i t y ,  ii, is a maximum at t = 0.) With t h e s e  
r e s t r i c t i o n s  on A ,  A t ,  n and t Equation  (3-7)  yields 
1 
1 
1’ 
(2nmin - 1) ( 6 . 9 4 3  x cm) 
A =  4 (2sf) ( A t )  
where A t  is s u b j e c t   t o   t h e   i n e q u a l i t i e s  (3-8) and ( 3 - 9 ) .  
A t  t h i s  p o i n t ,  i t  is  s imples t  t o  cons ide r  A t  as a .  parameter, and 
a l s o  t o  f i x  n a t  some nominal value (say n = 5). Equation (3-10)  
gives  the  minimum amplitude, Amin, as a function of frequency. For 
example,  with n = 5 and t h e  time delay A t  = 100 ps w e  have 
min 
min 
=- .248 
Amin f ’  
where Amin is the  v ib ra t ion  ampl i tude  in  cen t ime te r s .  
Equation (3-11) has  been  p lo t t ed  in  F igu re  11, f o r  v a r i o u s  v a l u e s  
of A t ,  and a f i x e d  number  of f r i n g e s ,  n = 5. Thus, with a time delay 
A t  = 100 ps (between laser p u l s e s ) ,  and a p la t e  v ib ra t ion  f r equency  of 
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Figure 11: Vibration  Amplitude A, Reouired t o  Produce  Five 
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Interference  Fringes  on  a  Pulsed  Differential Hologram 
1 cps ,  vibrat ion  ampli tude A = ,248 cm (approximately .1 inch) i s  
required to  produce f ive interference fr inge contours  around each ant inode 
of t h e  v i b r a t i o n  mode. S i m i l a r l y ,  i f  t h e  v i b r a t i o n  f r e q u e n c y  f  = 100  cps, 
the required ampli tude (using the 100 ps time-delay) i s  2.48 x 10-3 cm 
(or approximately one-thousandth of an inch) to produce five fringe 
contours. 
The quest ion of i n c r e a s i n g  t h e  s e n s i t i v i t y  of t h i s  p u l s e d  d i f f e r e n t i a l  
technique natural ly  arises. I f  the  exper imenter  is  s a t i s f i e d  w i t h  f e w e r  
fringe contours (and correspondingly less d e f i n i t i o n  of t h e  v i b r a t i o n  mode) 
he   could   opera te   wi th   lower   va lues   for  n t he   f r inge   o rde r .   Fo r  
example,  using n = 2 (two f r inge   contour   l ines)   Equat ion  (3-10) g ives  
min ' 
min 
(3  -12) 
using A t  = 100 ps. Equat ion  (3-12)  represents  an  increase  in  sens i t iv i ty  
by a f ac to r  o f  t h ree ,  when compared with Equation (3-11). (But ,  th i s  
i n c r e a s e  i n  s e n s i t i v i t y  h a s  b e e n  accompanied by the formation of fewer 
f r inge  contours .  ) 
Another means of i n c r e a s i n g  t h e  s e n s i t i v i t y  is  t o  i n c r e a s e  t h e  time 
delay ( A t )  between  pulses.  Thus, when A t  is increased  from  100 ps t o  
250 ps , t h e  s e n s i t i v i t y  i n c r e a s e s  b y  a f a c t o r  of 250:lOO = 2.5. Thus, 
i f  the  p l a t e  v ib ra t e s  w i th  f r equency  f = 1 cps, and a time-delay 
A t  = 250 ps is used, a vibrat ion ampli tude A = .1 cm is  requ i r ed  ( to  
produce  f ive  contour   f r inges) .   Conversely,   i f  A t  is halved  (from  100 ps 
t o  50 ps) t h e  s e n s i t i v i t y  d e c r e a s e s  by a f a c t o r  of  two. This  inverse 
dependence on A t  is apparent  from  Equation (3-10)  and accounts   for  
the  "para l le l - l ine"  na ture  of the curves shown i n  F i g u r e  11. 
It is  n o t  p o s s i b l e  t o  c o n t i n u e  i n c r e a s i n g  t h e  s e n s i t i v i t y  by using 
la rger  and  la rger  va lues  of A t ,  however ,  s ince  o ther  e f fec ts  (not  
described by Equation 3-10) e n t e r  t h e  problem. F i r s t  of a l l ,  Equation 
(3-10) is l imi t ed  by t h e  i n e q u a l i t y  (3-8) t o  llsmallll time-delays.  Secondly, 
as A t  becomes l a r g e r  we approach  the time s c a l e  of the turbulence and 
f l u i d  mechanics of thermal convection past  the heated plate,  and the  
hologram  can become corrupted by this "noise".  Nevertheless,  i t  is 
i n s t r u c t i v e  t o  examine Equation (3-3) f o r  t h e  c a s e  of large t ime-delays,  
v7hen t h e  l i m i t a t i o n  At /T  << - does  not  apply.  1 21T 
For  example, i f  we choose  the times tl and A t  properly,  and 
a d j u s t  them to correspond with the per iod of v i b r a t i o n ,  i t  is poss ib l e  
t o  f i n d  a m i n i m u m  amplitude limit ( i . e . ,  a s e n s i t i v i t y  c u r v e )  t h a t  is  
independent  of  frequency.  In  particular,  we choose t and A t  such  that  1 
w t  = - ( i n i t i a l   p h a s e )  1 2  
w A t  = IT 
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which is equ iva len t  t o  
(3-13) 
This timing is s u c h  t h a t  t h e  f i r s t  laser pu l se  (at time tl) occurs when 
v71 = A s i n  (9) = -A 
and the second pulse (one-half  a per iod later) occurs when 
The hologram gives  in te r fe rence  f r inge  contours  of  the  relative 
displacement 
v72 - v71 = 2A = (2n a l > X  
4 
(see Equation 2-15). 
(3-14) 
Equation (3-14) is independent of t h e  v i b r a t i o n  f r e q u e n c y ,  f ,  
because  the times tl and A t  were chosen   to   co inc ide   wi th   the  maximum 
and m i n i m u m  excursions of t h e  s i n e  wave, namely A. I f  v7e again  choose 
a minimum number  of f r i n g e s  as n = 5 , then  Equation (3-14) g ives  
t h e  a m p l i t u d e  s e n s i t i v i t y  min 
Amin = 2 X = 7.8 x cm 9 (3-15) 
as the  v ibra t ion  ampl i tude  requi red  to  form 5 fr inges around an ant inode 
o f  t he  v ib ra t ion  mode. This l 'absolute, 5 f r inge  l imi t"  (Equat ion  3-15) 
i s  p l o t t e d  as a h o r i z o n t a l  l ine  i n  Figure  11. The reader  should note  
t h a t  t h i s  " l i m i t "  v7as der ived without  regard for  the constraint  Equat ion 
1 vs 5 A t  5 500 us which is a p h y s i c a l  l i m i t a t i o n  f o r  o u r  p a r t i c u l a r  
laser-electronics  package.  
F i n a l l y ,  i f  t h e  number of  f r inge  contours  is reduced (to nmiTl = 2, 
say) so .c7e have less . d e f i n i t i o n  b u t  more sens i t i v i ty ,  t hen  Equa t ion  (3-14) 
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g ives  
'min - 8 
"= 3A .26 x cm (3-16) 
fo r  ou r  ( idea l i zed )  case of "peak-to-peak" timing of t h e  laser pulses .  
Another  special  case of Equation (3-3) tlhich is n o t  l i m i t e d  t o  
small time delays i s  given by the t iming 
t = - -  A t  
1 2 
t2 = tl + A t  = - A t  2 
w2 - wl = 2 A s i n  w - = 2 A s in (n fAt )  A t  2 
or 
Equation (3-18) is  
symmetrical timing 
the l i n e a r i z a t i o n  
is applied.  145th 
2 A s in (a fAt )  - - (2x1 f 1 ) X  4 
(3-17) 
(3-18) 
an exac t  r e su l t  ( a s suming  s inuso ida l  mrrtian and the 
just discussed) which reduces to Equation (3-10) ~-1hen 
r e s u i i s  for f requencies  up t o  laao cps. 
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(3-18) and (3-10) give i d e n t i c a l  
E f f e c t s  of Geometry:  Change i n  S e n s i t i v i t y  
The c a l c u l a t i o n s  of the  preceding  sec t ion  are based upon t h e  
r e l a t i o n  
(3-19) 
which relates t h e  relative displacement (between exposures) t o  t h e  f r i n g e  
o rde r  n  and t h e  laser wavelength, X .  This  equation is d i s c u s s e d   i n  
Sect ion 2.0 , and i s  l i m i t e d  t o  "small" i l l umina t ing  and viewing angles: 
(3-20) 
(The angles Bi and Bv are i l l u s t r a t e d  i n  F i g u r e  6 ,  Sec t ion  2 .0 . )  In i t i a l  
tests were run using small angles  0 and eV, and they are r e p o r t e d  i n  i 
Sect ion 4 . 0 .  However, i t  later became necessary  to  examine  the case 
of l a r g e  v a l u e s  f o r  8 and BV, as discussed i n  the fol lowing paragraphs.  i 
For  the  2000'F experiments  on heated plates ,  i t  was d e s i r e d  t o  
p l ace  qua r t z  r ad ian t  hea t  lamps c l o s e  t o  t h e  v i b r a t i n g  p l a t e  a n d  t o  
record the holograms of t h e  same (hot )  sur face .  The close proximity 
of t h e  h e a t  lamps requi red  tha t  the  v ibra t ing  p la te  be  v iewed (and  
i l luminated) using very shallow, ' 'grazing angles",  as i l l u s t r a t e d  i n  
F igure  12. These  sha1lo.c.~  angles  (labeled E and E i n   F i g u r e  12)  are 
r e l a t e d  t o  8 .  and 8 by  the  equations 
i V 
1 V 
ei = ~ / 2  - E 
ev = T/2 - 
i 
(3-20) 
which are apparent from the geometry. Under these  cond i t ions ,  t he  ang le s  
8 .  and 9 are large,  which means t h e  cos 8 terms must b e  r e t a i n e d  i n  
Equation (2-15) . The r e s u l t  i s  1 V 
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(3-21) 
. 
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Figure 12: Illustration of the Grazing Angles E~ and E v 
which may b e  w r i t t e n  i n  terms of t h e  complementary angles (E and E ) as i V 
For  s impl ic i ty ,  cons ider  the  case  of equal  angles  when E = 
Then Equation (3-22) becomes 
= E .  i 
(3-22) 
(3-22) 
The in f luence  of  the  grazing  angle E is c l ea r ,   t hen ,  and v7e 
can simply modify t h e  c a l c u l a t i o n s  of the  preceding  sec t ion  by  the  fac tor  
( s i n  E ) - ~ .  For example, when E = n/2, we rega in  the  p rev ious  r e su l t s ,  
such as Figure 11. When the  ang le  E is reduced t o  20°, we have a loss 
i n  s e n s i t i v i t y  by t h e  f a c t o r  l / s in  20". In o the r  words ,  t he  v ib ra t ion  
ampl i tude  requi red  to  cause  f ive  contour  f r inges  is (cf. Equation 3-22) 
Amin = ?( si:200) 
=- .725 
*min f ( E  = 20") (3-23) 
vhere A is  t h e   v i b r a t i o n   a m p l i t u d e   i n  cm, min 
f is t h e  v i b r a t i o n  f r e q u e n c y  i n  c p s ,  
n = 5 (five fringe  contours  form) min 
and At = 100 ps time-delay  between laser pulses .  
Equation (3-23) r ep resen t s  a l o s s  i n   s e n s i t i v i t y  by approximately a f a c t o r  
of th ree ,  when compared t o  t h e  c a s e  of llnormall' viewing given by Equation 
(3-11).  Similarly, when the  angle  E = lo", t h e  r e s u l t  is 
(3-24) 
which represents  a loss i n  s e n s i t i v i t y  b y  a f a c t o r  ( s i n  lOo)-'= 6, wi th  
r e spec t  t o  normal viewing. 
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'These r e s u l t s  are i l l u s t r a t e d  g r a p h i c a l l y  i n  F i g u r e  13, i n  which the 
l i n e  (E = 90") i s  i d e n t i c a l  t o  t h e  l i n e  A t  = 100 ~.ls of Figure 11. Figure 13 
shows t h e  e f f e c t  of changes in  the  graz ing  angle ,  where  F igure  11 i l l u s t r a t e s  
changes i n  A t .  It i s  o f  p r a c t i c a l  i n t e r e s t  t o  n o t e  a t  t h i s  p o i n t  t h a t  t h e  
experiments described i n   S e c t i o n 5  .O employed a grazing angle  in  the range 
5" 5 E l o o  (3-25) 
and  achieved  successfu l  resu l t s .  The extreme case (E = 0) is a "s ingular  
point" i n  the theory which implies  that  an " inf ini te"  displacement  
(w2 - w ) i s  requi red  to  cause  a f r i n g e  on the interferogram. To analyze 
t h e  case of very small angles  (E -f 0) r e q u i r e s  t h a t  t h e  f i n i t e  s i z e  of t h e  
experiment be considered. That is, t h e  f ini te  path of t h e  l i g h t  r a y s  from 
t h e  laser, t o  t h e  o b j e c t ,  and t o  t h e  hologram becomes involved, and t h e  
approximation that  the laser source  (or  hologram) is "off a t  i n f i n i t y "  
can no longer  be  employed. 
1 
E f f e c t s  of I n i t i a l  Phase and Large Time-Delays 
For small values of A t ,  t he  r e l a t ion  be tween  the  v ib ra t ing  ob jec t  
(with frequency w and amplitude A) and  the  f r inge  o rde r  n  (of t h e  i n t e r -  
f erogram) is 
w - w = Aw(At) coswtl - ( 2 n m  A 2 1  4 (3-5) 
where the product utl is r e f e r r e d  t o  as t h e  " i n i t i a l  phase" and relates t o  
t h e  t i m i n g  o f  t h e  f i r s t  p u l s e  of t h e  laser. 
By t h e  use of a displacement transducer (e.g., an inductance pick-up 
o r  a capacitance probe, etc.) mounted n e a r  t h e  v i b r a t i n g  p l a t e ,  t h e  
s inusoidal  displacement  of t he  p l a t e  can  be  e l ec t r i ca l ly  mon i to red .  And, 
by means of an osci l loscopE (with a var iable  t ime-delay and gate  output)  
i t  i s  f a i r l y  s t r a i g h t f o r w a r d  t o  s y n c h r o n i z e  t h e  laser pu l se ( s )  w i th  the  
t ransducer  s ignal  f rom the vibrat ing plate .  Thus,  it i s  p o s s i b l e  t o  
r ead i ly  ad jus t  t he  " in i t i a l  phase"  (u t  ) i n  Equation (3-5) , and w e  made 
use of t h i s  f a c t  p r e v i o u s l y  i n  g o i n g  'from Equation (3-7) to  Equat ion 
(3-lo), where the lat ter is based upon u t  = 0,  coswt = 1. 1 1 
A simple experimental demonstration of t h e  more general  expression 
(Equation 3-5) was made as follows. If the   v ibra t ion   f requency  and 
the amplitude A are he ld  cons tan t ,  as w e l l  as the time-delay A t ,  then 
Equation (3-5) can be expressed as 
(2n  21) X 
4 = K coswt 1 
where K = & ( A t )  is a constant .  
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(3-26) 
1 
10-1 
1 10 100 
Frequency (CPS) 
Figure 13 - Vibration  Amplitude, A, Required 
to Produce  Five  Contour  Fringes, for 
Various  Grazing  Angles, E. 
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The test was run by vibrat ing a p l a t e  a t  constant amplitude and 
frequency,  but  varying the time t, of t h e  i n i t i a l  laser pulse.  The time 
delay between pulses ( A t )  b r a s  he ld  cons tan t  a t  50 us. S e v e r a l  d i f f e r e n t i a l  
holograms were ob ta ined  in  th i s  f a sh ion ,  and  the  f ac to r  (2n  5 1)A/4 ~7as 
determined a t  an ant inode of  the vibrat ion mode. The r e s u l t s  are p l o t t e d  
in  F igu re  14 .  which shows the  f ac to r  (2n  - 1) plo t t ed  vs .  t he  in i t ia r  
phase  (ut,). 
I 
Equation (3-26) p r e d i c t s  t h a t  t h e  f a c t o r  ( 2 n  2 1) should vary a t  a 
cos ine  func t ion ,  and  th i s  conclus ion  is borne out  by the data  shotm i n  
Figure 14. Each da ta  po in t  i n  F igu re  14  r equ i r ed  a separate  interferogram, 
corresponding  to  each v+ue  of the  phase w t  A t o t a l  of f i f t e e n  
d i f f e r e n t i a l  holograms were made i n  t h i s  f a s h i o n ,  and the corresponding 
phase values  (ut  ) were va r i ed  to  span  a f u l l  p e r i o d  of the cosine,  as 
i l l u s t r a t e d  i n  F i g u r e  1 4 .  
1' 
1 
Additional tests were conducted to  ver i fy  Equat ion (3-3) 
1 . 7 ~  = w = A s i n  (t + At) - A s i n  w t  1 1 1 
This  equat ion can be wri t ten as 
(2n'1)A = A[sin(Jlo + A@) - s i n J b ]  4 (3-27) 
where J,, = w t  is t h e  i n i t i a l  p h a s e  and A$ = ( @ A t >  is t h e  change i n  phase 
between exposures of t h e  hologram. 
1 
Tests were run to  ver i fy  Equat ion (3-27) ,  i n  which the amplitude and 
frequency of vibration were he ld  cons t an t ,  t he  in i t i a l  phase  J, was kept 
f ixed ,  and the  phase  change (wAt) t7as var ied.  The r e s u l t s  areOshown i n  
Figure 15, which gives  (2n 2 1 )  p l o t t e d  v s .  (wAt) . The  number of qua r t e r  
wavelengths xecorded on each interferogram were determined a t  the  an t inode  
of t h e  v i b r a t i o n  mode. Equat ion (3-27)  predicts  that  the quant i ty  
(2nf  1)X/4 should vary s inusoidal ly  with A+, and t h e  r e s u l t s  depend upon 
t h e  i n i t i a l  p h a s e ,  $ . For our tests, t h e  i n i t i a l  p h a s e  was ve ry  nea r ly  
given by 0 
i n  which case Equation (3-27) g ives  
(2a)A A[1  - cosA@] 
4 
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(3-28) 
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Figure  1 4  - Holographic Data Showing V a r i a t i o n  of Displacement  ( in  Quarter-Wave1engths)with 
I n i t i a l   P h a s e ,   u t l  
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Figure 15- Displacement between Exposures ( in  Quarter-Wavelengths) vs.  Change i n  Phase (wAt) 
The da ta  of Figure 15 have the general form of Equation (3-28), and the 
sl ight differences between theory and experiment are a t t r i b u t e d   t o   t h e  fact 
t h a t   t h e   i n i t i a l   p h a s e  was no t  exac t ly  - ~ / 2 .  
These tests were conducted using a vibration frequency of 645 cps,  
and t h e  time delay A t  ~7as va r i ed  from 90 us t o  a maximum of 460 ps between 
exposures.  Additional tests were run using very short  time delays, and 
t h e  r e s u l t s  are shown in Figure 16.  Equat ion (3-5) p r e d i c t s  t h a t  f o r  small 
time-delays , (2n - 1 )  X/4 should  vary  l inear ly  wi th  A t  , and t h i s   r e s u l t  i s  
borne out by the data of Figure 16. 
These experimental  resul ts  serve t o  v e r i f y  t h e  f u n c t i o n a l  f o r m s  
predic ted  by  ana lys i s .  For  any  g iven  v ibra t ion  ampl i tude  and  f requency ,  
the  number of f r i n g e s  t h a t  ~Lll form can be accurately calculated,  given 
t h e  i n i t i a l  time t and the  de l ay  A t .  Conversely, i f  t h e  time delay is 
f i x e d  (At = 50 psec, f o r  example)  and t h e  time t is known, t h e  s e n s i t i v i t y  
c a n  b e  c a l c u l a t e d  i n  terms of  vibrat ion ampli tude (A) and frequency 
(w = 2nf) .  Such resul ts  have been presented in  previous paragraphs.  
1 
1 
Mechanical  Noise:  Stability  Requirements 
The e f f e c t s  of no i se  ( i . e .  , undes i rab le  v ibra t ions  of one type or  
another) and the mechanical  s tabi l i ty  required of  the experimental  set-up 
can be estimated as foll0~7s.  Consider a t o t a l  d e f l e c t i o n  w ( x , y , t )  t h a t  is 
a combination of a s i g n a l  (which we wish  to  de tec t )  p lus  noise .  
w = S(x ,y , t )  + N(x,y,t) (3-29) 
I n  p a r t i c u l a r ,  l e t  t h e  s i g n a l  S and t h e  n o i s e  N b o t h  b e  o s c i l l a t o r y :  
Signal  : S(x,y, t )  = Ao@(x,y) sinwt 
Noise:  N(x,y,t) = Nog(x,y) s i n  ( v t  + Y) 
(3-30) 
The s igna l  has  a maximum amplitude A a d i s t r ibu t ion  @(x ,y )  , which 
0' 
is the  mode shape, and a frequency w.  Similar ly ,  the "noise"  has  ampli tude 
No, a s p a t i a l  d i s t r i b u t i o n  g ( x , y )  , a frequency v and a phase y (which i s  
r e l a t i v e  t o  t h e  s i g n a l ,  c o s w t ) .  
A d i f f e r e n t i a l  hologram records the relative displacement, "2 - w 1 9  given  by 
1-7 - TJ = A t [ A  U@ coswtl + vNog C O S ( V ~ ~ + $ )  ] 2 1  0 (3-31) 
where the "small time-delay" assumption 
w A t  << 1 
(3-32) 
vAt << 1 
has been used (cf. Equations 3-4 and 3-5). 
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Figure 16 - Displacement between Exposures (in Quarter-Wavelengths) vs. Time Delay (At) 
Referr ing to  Equat ion (3-31) , t7e want t o  record  the  term A @(x,y) 
0 
( t h e  v i b r a t i o n  mode shape) and reject t h e  n o i s e  N g(x,y). The shape 
d i s t r i b u t i o n s  Cp(x,y) and g(x,y) are. assumed to  be  normal ized ,  and  thus  
s a t i s f y  t h e  c o n d i t i o n s  
0 
(3-3 
and s i m i l a r l y ,  we have 
Thus, t o  have a large s ignal- to-noise  ra t io ,  Equat ion (3-31) sugges t s  t he  
requirement 
WA >> vNo 
0 
(3-35) 
which says that  the m a x i m u m  v e l o c i t y  (WA ) of t h e   p l a t e   v i b r a t i o n  we wish 
to  r eco rd  shou ld  be  s ign i f i can t ly  g rea t e r  t han  the  ve loc i ty  (vN0)of t h e  
osc i l l a to ry   no i se .  
0 
Equation (3-35) does not  t e l l  the  comple te  s tory ,  however.  For 
example, with very poor timing, 'Ne might have lcoswt I << 1, which would 
g r e a t l y  r e d u c e  t h e  s i g n a l  term i n  Equation (3-31). I n  p r a c t i c e ,  t h e  s i g n a l  
from the displacement transducer w i l l  usual ly  a l lot7 accurate  synchroniza-  
t ion ,  such  tha t  u t l  = 0 and  coswt = 1. With th i s  "exac t"  t iming ,  
Equation (3-35) can  be  r ev i sed  to  1 
1 
For a l l  but the fundamental  mode, themode shape@(x,y) has nodal 
l i n e s  , where 
@(X,Y) = 0 (3-37) 
and, if t he  d i s t r ibu t ion  g (x ,y )  does  no t  co inc ide  wi th  the  mode shape (a) 
t h e n  t h e  i n e q u a l i t y  (3-36) cannot  be  sa t i s f ied  near  the  nodal  l ines .  
As a p r a c t i c a l  example, t h e  p l a t e  m i g h t  b e  v i b r a t i n g  i n  a mode 
(3-38) 
and the  p la te  boundar ies  (i.e. , its support frame) might be moving i n  a 
"rigid-body" fashion, corresponding to 
43 
I n  t h i s  case, the "noise"  vN cos(wt + y )  might  cause fr inges on t h e  
interferogram near the nodal ' l ines 1 
(where m,n,&, and k are in t ege r s ) .  
One  way t o  l a r g e l y  e l i m i n a t e  t h e  e f f e c t  of t h e  n o i s e  i s  t o  i n s u r e  
t h a t  i ts amplitude and frequency satisfy the "no f r inge"  condi t ion  
(3-40) 
(3-41) 
along  with  the  inequality  (3-35).   Equation (3-41) states t h a t  t h e  n o i s e  
will not cause a f r i n g e  t o  form, even i n  t h e  v i c i n i t y  of  nodal  l ines .  
Equation (3-35) insures  tha t  the  contour  f r inges  which  & form will be  
caused pr imari ly  by the vibrat ion A@(x,y)  sink$ which w e  d e s i r e   t o  measure. 
0 
A fee l ing  fo r  t he  ampl i tudes  and frequencies  involved in  Equat ion (3-41) 
can be obtained from Equation (3-10) and the  r e l a t ed  d i scuss ion  on sensi-  
t i v i t y .  Using A t  = 100 ps, and  n = 5, t h e  s e n s i t i v i t y  of the  pulsed  
d i f f e r e n t i a l  t e c h n i q u e  w a s  c a l c u l a t e d  t o  b e  
=- .248 
Amin f ( i n  cm) 
Equation (3-41) cor responds  to  nmin = 1 and g ives  
N << 2 ~ ( .  248) 1 .0276 
0 V = -f N  
(3-11) 
(3-42) 
as the  no i se  ampl i tude  ( in  cen t ime te r s )  i n  terms of noise frequency f 
(us ing  the  same A t  = 100 ps between pulses of the laser). Equation (3-42) 
is direct ly  analogous to  Equat ion (3-11) ,  and t h e  s e n s i t i v i t y  c u r v e s  
presented  previous ly  (F igure  11)  can  be  used  to  estimate the  maximum no i se  
amplitude N a t  a given  noise  frequency f  (The f a c t o r  of 2~ arises 
because v = 27rf is a c i rcu lar  f requency) .  
N' 
0 N' 
N 
Thus, with A t  = 100 ps, Equation (3-42) r e s u l t s  i n  a l i n e a r  " n o i s e  
boundary" p a r a l l e l  t o  t h e  d i a g o n a l  l i n e s  of Figure 11, and a t  a f ac to r  o f  
n ine  lower  in  ampl i tude  than  the  cor responding  sens i t iv i ty  curve .  In  the  
s p e c i a l  case where  the  undes i rab le  noise  N and t h e  s i g n a l  A coswt have 
t h e  same frequency (w= w, f N  = f )  then Equat ion (3-35) simply states t h a t  
t h e  n o i s e  must be appreciably less than  the  s igna l .  
0 
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I n  a c t u a l  p r a c t i c e ,  many industr ia l  environments  are such  tha t  t he  
no i se  ampl i tude  f a l l s  o f f  as frequency increases .  Bui lding vibrat ions,  
seismic dis turbances ,  and  mot ions  due  to  vehicu lar  t ra f f ic  tend  to  be  
low frequency. High-frequency vibrations, on the other hand, tend to be 
damped out more r e a d i l y ,  do no t  gene ra l ly  p ropaga te  f a r  from the i r  sou rce ,  
and can (if  necessary) be prevented from influencing the hologram by vibra- 
t i o n - i s o l a t i o n  and s imple mechanical  f i l ter ing.  
Although we have examined t h e   s p e c i a l  case of harmonic no i se ,  
t h e  more general  case of random vibra t ions  (wi th  N characterized by its 
power spectral  densi ty)  can also be t reated.  For  example,  the power s p e c t r a l  
dens i ty  P( f )  g ives  a measure of the amplitude (squared) a t  a p a r t i c u l a r  
f requency  f .  As a f i r s t  approximation, one might require 
2sf  [P(f)]1'2  (At) << x x (3-42) 
by analogy with Equation (3-41). Thus, f o r  any value of A t ,  we can compute 
an upper bound on t h e  power s p e c t r a l  d e n s i t y  P ( f )  of the mechanical noise.  
The l imi t a t ions  on  P ( f )  computed from Equation (3-42) are expected to  be 
very conservat ive;  that  is, o n e  a n t i c i p a t e s  t h a t  i n  many cases f r inges  (due  
to  no i se )  will not form even though P(f) f a i l s  t o  s a t i s f y  E q u a t i o n  (3-42). 
A thorough treatment of t h e  problems of n o i s e  a n d  s t a b i l i t y  would 
involve a ca re fu l  ana lys i s  u s ing  p robab i l i t y  theo ry  and random v a r i a b l e s .  
For a given noise  input  (character ized by its P.S.D., say) one can then 
c a l c u l a t e  t h e  p r o b a b i l i t y  of t he  even t  
N(At) 1 -& x (3-43) 
i. e., t h e  p r o b a b i l i t y  t h a t  t h e  n o i s e  will cause a f r i n g e  to  form. Such a n  
a n a l y s i s  t7as beyond the  scope  of the  present  s tudy .  The problem  of 
e x t r a c t i n g  s i g n a l s  i n  t h e  p r e s e n c e  of n o i s e  is fundamental  to communica- 
tions theory (e.g. Ref. 243 and is re la ted  to  holographic  measurements  in  
the presence of  random vibrations.  (See Refs.  18 and 19, for example). 
For  the  exper iments  repor ted  here in ,  there  were v i r t u a l l y  no problems 
which a rose  due  to  no i se ,  spu r ious  v ib ra t ions ,  o r  l ack  of mechanical 
s t a b i l i t y .  Wooden tab les  and  ord inary  lab  benches  were used t o  s u p p o r t  t h e  
opt ics ,  the  p la te  spec imen,  the  shaker ,  etc., and no attempt was made a t  
v i b r a t i o n  i s o l a t i o n  o f  t h e s e  components.  The i n d i v i d u a l  s t a n d s  f o r  t h e  
mir rors ,  l enses ,  etc., were g e n e r a l l y  h e l d  l i g h t l y  i n  p l a c e  w i t h  a small 
drop of glue, which i s  a carry-over from cw holography and helps keep the 
op t i c s  a l igned .  Th i s  r ep resen t s  t he  ex ten t  of t h e  s t a b i l i t y  problems which 
were encountered  experimentally. The  development  of p r e c i s e  l i m i t a t i o n s  
on no i se  (which are less s t r ingent  than  those  presented  here in)  will very  
l i k e l y  depend upon pending applications of pulsed laser holography i n   n o i s y  
environments.  For  example, some a p p l i c a t i o n s  of  holographic  nondestructive 
t e s t i n g  (HNDT) involve operat ions near  noisy machinery,  product ion l ines ,  
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etc. If t h e  n o i s e  i n  t h e s e  a p p l i c a t i o n s  becomes a problem, then the 
quest ion of r eco rd ing  s t ruc tu ra l  de fo rma t ions  (wh i l e  r e j ec t ing  the  no i se )  
w i l l  receive t h e  i n c r e a s e d  a t t e n t i o n  n e c e s s a r y  f o r  its so lu t ion .  
Limitat ions on the Time-Delay ar?d Plate Temperature 
It is expected that  most  plate  vibrat ion problems of i n t e r e s t   t o  NASA 
will f a l l  somewhere i n  t h e  r a n g e s  
Frequency : 1 cps 5 f 1000 cps  
Temperature: 78'F 5 0 5 2500°F 
Amplitude:  1.75 x cm z A 100 cm 
Velocity:  .25 cm/sec 5 WA lo5 cm/sec 
(3-43) 
where it is assumed t h a t  t h e  p l a t e  is v i b r a t i n g  s i n u s d i d a l l y  w i t h  a t rans-  
v e r s e   d e f l e c t i o n  T'I = A sin(wt)  = A s i n ( 2 1 ~ f t ) .  
These limits ( spec i f i ed  as Equation 3-43) are only  approximate,  and 
they are g iven  here  pr imar i ly  as a b a s i s  f o r  d i s c u s s i o n .  Some of t h e  limits 
given are f l e x i b l e  and r e a d i l y  changed t o  meet new s i t u a t i o n s ;  o t h e r s  are 
f ixed  by  phys ica l  l imi ta t ions ,  such  as the wavelength of l ight,  etc.  For 
example, the frequency range could just  as e a s i l y  b e  
.1 cps 5 f 2 10,000 cps (3-44) 
p r o v i d i n g   t h e   v e l o c i t y   c r i t e r i o n  
WA 2 .25 cm/sec (3-45 1 
is still  sat isf ied.  This  veloci ty  requirement  (3-45)  is based  on  the 
approximation of a small time-delay A t  between exposures on the order of 
100 psec. I f  it is p o s s i b l e  t o  u s e  A t  = 250 psec ,  then  the  ve loc i ty  requi re -  
ment can be  r e l axed  to  
wA 2 -.l cm/sec (3-46) 
The lower limit on vibrat ion ampli tude is  fixed by the wavelength 
o f  l i g h t  (X)  and the theory of double-exposure holography. Thus , we have 
t h e  c o n s t r a i n t  on the  v ibra t ion  ampl i tude  
A L ~  = 1.75 x 10 cm -5 
i n  o r d e r  t h a t  at least one fr inge forms on the interferogram. 
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(3-47) 
For harmonic motion, the max imum vibrat ion ampli tude (set at 
A 5 100 cm) and maximum v e l o c i t y  (wA 105 cm/sec) have been chosen arbi- 
t r a r i l y ,  and  they are subject  to  considerable  leeway.  By appropr i a t e  
synchronizat ion of  the laser pu l ses  wi th  the  p l a t e  v ib ra t ion ,  it is possi-  
b l e  t o  r eco rd  the  r e l a t ive  d i sp lacemen t  w2 - w1when t h e  p l a t e  v e l o c i t y  
is nearly zero.  When the  p l a t e  r eaches  i t s  m a x i m u m  excur s ion ,  t he  ve loc i ty  
goes to  zero,  and small relative displacements w2 - w1 will o c c u r  i n  t h e  
time A t  = t2 - tl, regard less  of  the  maximum vibrat ion ampli tude,  A. This 
i d e a  was demonstrated i n  Ref. 15 , which showed holographic measurements 
on a p l a t e  v i b r a t i n g  t o  l a r g e  a m p l i t u d e s  (. 5 inch, peak-to-peak) . Simi la r ly ,  
t h e  maximum v e l o c i t y  wA is no t  s t rong ly  l imi t ed ,  as long as t h e  v e l o c i t y  
goes to  zero per iodical ly  (harmonic motion again) .  
Now cons ide r  t he  l imi t a t ions  on t h e  maximum temperature,  Om=. The 
maximum temperature at which t h e  d i f f e r e n t i a l  p u l s e  t e c h n i q u e  will success- 
fu l ly  r eco rd  v ib ra t ion  modes depends upon 
o The time delay,  A t ,  between  exposures 
o The vibrat ion ampli tude A and frequency f 
o The atmospheric medium, and its index  of  re f rac t ion  as a 
function of temperature 
o The o r i en ta t ion  o f  t he  hea ted  p l a t e  su r face ,  e .g .  vertical 
o r   h o r i z o n t a l  
o The s i z e  o f  t h e  p l a t e  
A thorough discussion of this problem involves fluid mechanics and h e a t  
transfer in free-convection boundary-layers (Ref.  20).  However, t 7 e  can 
imagine a hypo the t i ca l  example i n  which the plate  i s  s t a n d i n g  v e r t i c a l l y  
i n  air  and v ib ra t ing  wi th  a given amplitude and frequency; the time-delay 
A t  between pulses is  presumed t o  b e  set (at 250 psec, say)  and d i f f e r -  
e n t i a l  holograms made a t  room temperature 0, produce an adequate number 
of  contour  f r inges.  Now, imagine we b e g i n  h e a t i n g  t h e  p l a t e  , and keep 
the parameters  A, f ,  and A t  f ixed.  We con t inue  r eco rd ing  d i f f e ren t i a l  
holograms a t  var ious  increasing  temperatures ,  Oi. Eventual ly ,   the   tur-  
bulence from the convection currents becomes s i g n i f i c a n t ,  s u c h  t h a t  t h e  
no i se  (due  to  random changes in  op t i ca l  pa th  l eng th )  can  no l o n g e r  s a t i s f y  
Equation (2-10) : 
li A t  << AI2 (2-10) 
A t  t h i s  p o i n t ,  t h e  n o i s e  b e g i n s  t o  d i s t o r t  o r  c o r r u p t  t h e  mode shape we 
are t ry ing  to  r eco rd  on t h e  d i f f e r e n t i a l  hologram. Some n o i s e  will b e  
t o l e r a b l e ,  however, depending upon t h e  q u a l i t y  of t h e  mode shape  da ta  
required.  
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As t he  t empera tu re  con t inues  to  inc rease ,  we reach the point  where 
i T ( A t )  >> h/2 (3-48) 
and the  noise  can  overwhelm t h e  s i g n a l  f r o m  t h e  v i b r a t i n g  p l a t e .  Depending 
upon t h e  mode shape, amplitude,  frequency, etc. , we can  thus  e s t ab l i sh  a 
maximum temperature,  Om, above which t h e  holograms are too %oisyl' and 
unacceptab le  for  de te r rmning  the  mode shape. 
Now suppose we de te rmine  th i s  t empera tu re  to  be  Omax = 1400'F, and 
w e  wish to conduct tests a t  2200'F. The  most d i rec t  approach  for  increas-  
ing  the  a l lowable  tempera ture  is to shorten the t ime-delay. For example,  
i f  O,, = 1400OF us ing  A t  = 250 us between exposures, we can shorten A t  
and reduce the noise term f i ( A t ) .  Thus, using A t  = 100 ps , we might be 
ab le  to  r eco rd  mode shapes up t o  a new  maximum temperature,  Orpa = 2000OF. 
F ina l ly ,  we might t r y  A t  = 50 ps and reach the goal  of  recordmg mode 
shapes a t  2200'F. 
The re la t ionship  be tween the  maximum p la t e  t empera tu re ,  Omax, a t  
which mode shapes can be adequately recorded and the time de lay ,  A t ,  
between exposures , involves complicated fluid mechanics of thermal con- 
vec t ion  on v i b r a t i n g  s u r f a c e s  and i s  no t  r ead i ly  ca l cu lab le .  It seems 
clear, however, that  long t ime-delays will r e s u l t  i n  l o w e r  o p e r a t i n g  
temperatures,  Omx. For  the  experiments   descr ibed  in   Sect ions  4 .0  and 
5.0, a time-delay A t  = 50 ps was used throughout, and good qual i ty  noise-  
free mode shapes were recorded a t  1000, 1600, and 2000'F. 
R e s u l t s  f o r  Random F i r i n g  o f  t h e  F i r s t  P u l s e :  
Probabi l i ty  Calcu la t ions  
Many o f  t he  p reced ing  r e su l t s  ( e .g . ,  F igu res  56 ,  57 ,  58) are based 
on t h e  i d e a  of  synchroniz ing  the  laser pu l se ( s )  w i th  the  v ib ra t ion  o f  t he  
p l a t e .  In  par t icu lar ,  by  e lec t ronic  synchroniza t ion  w e  can (in most cases) 
c o n t r o l  t h e  " i n i t i a l  phase" (utl) and achieve t h e  maximum s e n s i t i v i t y  o f  
t h e  p u l s e d  d i f f e r e n t i a l  t e c h n i q u e .  (See  Equations 3-7 and  3-10, and t h e  
r e l a t ed  d i scuss ion . )  
The expe r imen ta l  de t a i l s  of t iming  the  laser  pu lses ,  and  the  holo-  
graphic  resu l t s  ob ta ined  us ing  such  synchroniza t ion  are reported i n  
Sect ion 4.0.  However, i n  some of  the experiments  (see Sect ion 5.0) i t  
was simpler t o  ope ra t e  wi thou t  synchron iza t ion .  In  th i s  case, t h e  i n t e r -  
ferograms were obtained using a small time-delay, (mat) << 1, and  "random 
f i r i n g , "  i.e., t h e  i n i t i a l  p h a s e  ( w t l )  v a r i e d  randomly.  Successful  results 
were obtained with this  approach,  and the experiment is amenable t o  a n a l y s i s  
us ing  probabi l i ty  theory ,  as ou t l ined  in  the  fo l lowing  pa rag raphs .  
Basic t o  p r o b a b i l i t y  a n a l y s i s  i s  the  def in i t ion  of  an  event  (Ref .  25). 
For our purposes , the  event  is  defined by such statements as "five o r  more 
contour  f r inges  are recorded on the interferogram,"  or  " the interferogram 
recorded at least one fr inge contour ,"  etc. I n  t h e  case of  normal 
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i l l umina t ion  and viewing (Oi << 1, 0, << 1, Equation 2-15) t h e  event can 
be described mathematically by 
(3-49) 
where w e  have chosen the fr inge order ,  n, t o  b e  p o s i t i v e ,  and t h e  a b s o l u t e  
value of "2 - FJI is requ i r ed  s ince  the  in t e r f e rog ram is n o t   s e n s i t i v e   t o  
t h e  s i g n  (i.e., phase)  of  the relative displacement. 
For small the-delays,  Equat ion (3-49) i s  equ iva len t  t o  
where <7 is the  ve loc i ty ,  eva lua ted  at tfme t1. For the problem at hand 
ne h a v e   t h e   r e l a t i o n s   f o r   t h e   v i b r a t i n g   p l a t e  
(Displacement) 1-1 = A sin u t  
(Qelocity) & = (Aw) cos u t  = v cos  u t  
Reference 25 shows that it motion 
x = v cos u t  
(where t i s  a random 
dens i ty   func t ion  
va r i ab le )  has  a s soc ia t ed  wi th  it t h e  p r o b a b i l i t y  
- V I x l V  
(3-50) 
(3-51) 
(3-52) 
In o u r  "random f i r ing" experiments ,  the v e l o c i t y  i is evaluated a t  time tl, 
where t l  is a random variable corresponding t o  the time o f   t h e  first laser 
p u k e .  
Thus, usZng our event (3-50) and t h e  p r o b a b i l i t y  d e n s i t y  (3-52) t 7 e  
can calculate t h e  p r o b a b i l i t y  t h a t  the event  ac tua l ly  occurs :  
where appropriate  limits f o r   t h e   i n t e g r a l  x1 and x2 will be determined 
shor t ly .  S ince  the  t ime de lay  A t  is p o s i t i v e ,  we have the equivalence 
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(3-53) 
The term involv ing  n ,  A ,  and A t  de f ines  a v e l o c i t y ,  v : 
0 
And, using Equations (3-52) through (3-55) , we have  the  des i r ed  r e su l t  
= 2  f v  dx 
v 0 I T d Z 2  
(3-54) 
(3-55) 
(3-56) 
where v 7 e  have assumed t h a t  
v < v  
0 -  
Equation (3-56) gives  "The p r o b a b i l i t y  t h a t  t h e  v e l o c i t y  1; I is g r e a t e r  
t h a n  o r  e q u a l  t o  v0," which is equiva len t  to  "The p r o b a b i l i t y  t h a t  t h e  
relative displacement between exposures ]w2 - w1 I is g rea t e r  t han  o r  
e q u a l  t o  (2n - '," which i n  s i m p l e s t  terms, means  "The p r o b a b i l i t y  t h a t  
n contour  f r inges  form on the interferogram." Equation (3-56) can  be 
i n t e r p r e t e d  i n  p h y s i c a l  terms as t h e  r a t i o  of (1)  the time during which 
4 
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t h e  v e l o c i t y  I < T I  exceeds v divided by (2) t he  to t a l  pe r iod  o f  v ib ra t ion ,  
T. This  concept is i l l u s t r a t e d  g r a p h i c a l l y  i n  F i g u r e  1 7 .  0, 
To get  a f e e l i n g  f o r  t h e s e  r e s u l t s ,  s u p p o s e  v7e want f i v e   o r  more 
f r inge  con tour s  to  form (n = 5) and wish to use a time-delay A t  = 100 psec. 
Then Equation (3-55) gives 
v =  (2n - l ) X  9 
0 4 ( A t >  = z x  
v = 1.56 cm/sec 
0 
6.943 x cm 
100 x sec 
(3-58) 
A t  t h i s  p o i n t  
i t y  p [ I < 7 A t l  
p = 2/3 migh 
, it is convenient  to  select a des i r ed  va lue  fo r  t he  p robab i l -  
> y], Equation  (3-57).  For  example, a p r o b a b i l i t y  v a l u e  
t be acceptable,  meaning that "2 out of 3 interferograms would 
have  f ive  o r  more contour  f r inges .'I Thus , i f  we t ake  
i.e., (3-59) 
Then Equation (3-57) y i e l d s  
which is the  accep tab le  p robab i l i t y  ju s t  pos tu l a t ed .  
Equations (3-58) and  (3-59) can then be combined to  give the ampli tude-  
frequency relation which must be m e t  i n  o r d e r  t o  a c h i e v e  t h e  p r o b a b i l i t y  
p = 2/3.  That is, from  Equation (3-59) ~7e have 
V o 1.56  cm/sec a A = V = - =  
.5  .5 
and, using w = 2af , t h i s  becomes 
A =  1.56 cm/sec .496 
(2af) (. 5) - f 
(3-60) 
where A is the  requi red  v ibra t ion  ampl i tude  in  cent imeters ,  and  f is t h e  
corresponding frequency i n   c p s .  
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(3-61) 
r= UT- 217 F 
w = uA cos u t  
0 
Figure 1 7  - I l l u s t r a t i o n  of 
its Rela t ion  to  
the  Condition Lvo and 
the Probabi l i ty  Resul ts  
This  resu l t  can  be  put  in to  words ,  as follows. When the ampli tude and 
frequency of vibration are such that Equation (3-61) is s a t i s f i e d ,  and 
the  t iming  o f  t he  f i r s t  pu l se  tl is random, and a time-delay A t  = 100 ps 
is  used between exposures, then a pulsed  d i f fe ren t ia l  ho logram will 
produce f ive fr inge contours  with a p robab i l i t y  o f  213. 
The r eade r  shou ld  no te  the  s imi l a r i t y  
A = -  .248 
f 
i n  form between Equation (3-11) 
(3-11) 
(which assumes ideal synchronization between the laser and t h e  v i b r a t i o n )  
and Equation (3-61) just  derived, which assumes random f i r i n g  o f  t h e  f i r s t  
pulse. Both equations are based upon  (n = 5) and A t  = 100 ps, b u t  t h e  
former gives max imum s e n s i t i v i t y  and  probabi l i ty  E, whereas the latter 
r equ i r e s  a l a r g e r  v i b r a t i o n  a m p l i t u d e  ( i n  t h e  r a t i o  .496/.248) and r e s u l t s  
i n  a p robab i l i t y  o f  213. 
The probabi l i ty  of  producing  f ive  f r inges  (n = 5) can be increased 
by using a larger t ime-delay (At) or i n c r e a s i n g  t h e  p l a t e  v e l o c i t y  V = wA, 
i. e. , making 
Af > .496 cmlsec 
The reader should be aware of  the  approximat ions  used  in  th i s  ana lys i s ,  
such as the expansion 
(3-62a) 
and t h e  i n e q u a l i t i e s  
At << - 1 
T 2a 
- (3-62b) 
(2n - l ) X  
4(At) - < wA 
which together imply the condition 
(3-62~) 
(3-62d) 
The p robab i l i t y  ana lys i s  p re sen ted  he re in  is l imi t ed  by these approximations,  
and Equation (3-61) therefore  appl ies  on ly  for  those  ampl i tudes  and fre- 
quencies which meet the preceding requirements.  
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From an experimental  standpoint,  it is d e s i r a b l e  t o  f i x  t h e  time 
delay (say A t  = 50 ps, which was ac tua l ly  used)  and  ca lcu la te  the  probabi l -  
i t y  of  ob ta in ing  one  f r inge ,  two f r i n g e s ,  (n = 1,2,  etc.) as a funct ion 
n values.  Thus , with  A t  = 50 us and n = 1, 
This r e s u l t  can be determined using of amplitude and frequency. 
Equation (3-56)  and var ious 
we have 
P [ ] & A t  
where x v =- o 4(At) 
S i m i l a r l y ,   f o r  n = 3 , we have 
P [];At1 2Y-j = 1 - -  2 -1 1.735 
IT sin ( wA ) 
and f o r  n = 5, 
These r e s u l t s  are p l o t t e d  i n  F i g u r e  18 g iv ing  the  p robab i l i t y  P as a 
func t ion  of  the  ve loc i ty  (wA) i n  cm/sec. 
The similar appearance  of  the  curves  in  F igure  18 suggest a 
s i m i l a r i t y  s o l u t i o n , "  which is readily developed as follot7s.  For  any 11 
value of n,  we have from Equation (3-56) t h e  p r o b a b i l i t y  
which can be inverted to read 
cos (7 P) = 2 IT 
V 
where z = - can be expressed as 0 
UA 
4(At) - 1 z =  - 
UA 2a (RT) 
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(3-63) 
(3-64a) 
(3-64b) 
(3-65) 
( A t  = 50usec Time - Delay; 
I n i t i a l  P u l s e  Time, tl, i s  random) 
I 
1.0 
.8 
.6 
. 4  
.2 
0 
( 
Maximum Plate Velocity, wA, qm/sec 
Figure 18 - Probabi l i ty  of Recording n Contour Fringes, as a Function 
of the Maximum Plate Velocity (At = 50 us, Random Fir ing)  
T = -  At is a non-dimensional time, t h e   r a t i o  of t ime-delay  to   the  vibrat ion 
T 
per iod,  and 
R =  A (2n - l ) X  
4 
is a non-dimensional amplitude,  the ratio of t h e  v i b r a t i o n  a m p l i t u d e  t o  
t h e  number of quarter-wavelengths recorded on t h e  hologram. 
Note from Equations (3-62) t h a t  R > 1 and 2 m  <c 1, f o r  t h e  a n a l y s i s  
to  be  va l id .  Equat ion  (3-64) g i v e s  t h e  p r o b a b i l i t y  of ob ta in ing  n f r i n g e  
contours,  as a func t ion  o f  t he  s imi l a r i t y  va r i ab le  z = (2s-rR)'l.  The 
r e s u l t s  are p lo t ted  in  F igure  19 ,  which  is a un ive r sa l  cunre  tha t  can be  
used  for  var ious  f r inge  numbers (n) , time-delays (At), amplitudes (A) and 
frequencies  w = - 2 s  T. For a f ixed  va lue  of  n (say n = 5, again) the proba- 
b i l i t y  o f  s u c c e s s  (i.e. , r eco rd ing  f ive  f r inges )  i nc reases  as the amplitude,  
frequency, or time-delay is made l a r g e r .  Note  once  aga in  tha t  these  resu l t s  
cannot  be appl ied indiscr iminately,  and are va l id  on ly  when t h e  approxima- 
t i o n s  (3-62) are s a t i s f i e d .  
Random F i r i n g  Compared t o  Optimum Synchronization 
'2nmax - 1)X wA(At) = 4 (3-66) 
where   the   f r inge   o rder   epresents   the  "maximum number o f   r i nges   t ha t  
can be obtained with optimum synchronization." (The term "optimum synchroni- 
za t ion"  o r  "optimum timing" simply means f i r i n g   t h e  laser when t h e  plate 
v e l o c i t y  <T is  a maximum, thus maximizing the product IGAt I .) 
With ''random timing" (i .e. ,  random f i r i n g  o f  t h e  f i r s t  laser pulse)  
Equation (3-56) g ives  the  probabi l i ty  of  record ing  n o r  more f r i n g e s ,  i n  
terms o f  t h e  v a r i a b l e  (vo/V). Using t h e  r e l a t i o n  (3-55) f o r  t h e  v e l o c i t y  
vo and V = Aw, we have 
(3-67) 
The denominator (Aw At) is  r e l a t e d  t o  t h e  optimum, maximum f r i n g e  number, 
k, through  Equation (3-66).  Thus,  Equations (3-66) and  (3-67) can  be 
combined t o  g i v e  
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Figure 1 9  - P r o b a b i l i t y  of Recording n Fringes,  For  a Given 
Amplitude, Frequency, and Time - Delay 
V 
0 (2n - 1) 
V (2nmax - 1) " - (3-68) 
and we can  then  subs t i t u t e  t h i s  expres s ion  fo r  (vo/V> i n  t h e  p r o b a b i l i t y  
Equation  (3-56). The r e s u l t  is 
(3-69 ) 
Equation (3-69) gives "The probabi l i ty  of  record ing  n contour  f r inges 
(using random f i r i n g   o f   t h e   f i r s t  laser pulse)  when optimum t iming of  the 
laser will produce  contour  f inges.  (The amplitude,  frequency and 
time-delay are the  same fo r  bo th  the  optimum and random synchronization.)  
S ince  the  f r inge  o rde r ,  n ,  is an  in t ege r  (n = 1,2,3,  ...), t h e  v a r i a b l e  
(2n - 1)/(2%= - 1) is d i s c r e t e ,  and a p l o t  of Equation (3-69) r e s u l t s  
i n  a "stair-step"  appearance.  Equation (3-69) is i l l u s t r a t e d  g r a p h i c a l l y  
i n   F i g u r e  20 f o r   t h e   c a s e  = 5 and in   F igu re   21   fo r  sax = 10. 
These r e s u l t s  are of par t icu lar  in te res t  f rom an  exper imenta l  s tand-  
poin t ,  s ince  Equat ion  (3-69) is independent of the amplitude, frequency, 
time-delay, and the illuminating and viewing angles (Oi, Ov), p- 
the  approximations inherent  in  the der ivat ion (e .g .  Equat ions 3-62) are 
no t  v io l a t ed .  The s i m i l a r i t y  between the continuous curve of Figure 19 
and t h e  stair-steps of  Figures 20 and  21 is readi ly  apparent .  The 
cont inuous var iable  (2n-rR)'l i n  t h e  smooth p l o t  is analogous t o  t h e  d i s -  
crete v a r i a b l e  (2n - 1)/(2% - 1)   i n   t he   s t a i r - s t ep   g raphs .  As -f 03, 
the  d iscre te  var iab le  approaches  the  cont inuous  one  and Figure 19 appl ies ,  
wi th  z replaced by (n/nma). 
58 
1.0 
. 8  
.6 
.4  
. 2 .  
0 
(Optimum Timing) 
n = 5  max 
Figure 20 - P r o b a b i l i t y  D i s t r i b u t i o n  f o r  Random F i r i n g  of the Laser ,  
Given nmax = 5 
i 
- 1  
i 
I 
1.0 
9 
(0 
a 
d 
wl 
l-l 
e 
!Y 
.8 
. 2  
0 
n = 10 Timing max 
I 
I n > 3  
, 
t 
I 
! 
1/19 3/19 5/19 7/19 9 /I9 11/19 13/19 15/19 17/19 
- 1 9  
(2n - 1) 
Figure 21 - Probabi l i ty  Dis t r ibu t ion  for  Random F i r ing  of 
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Discussion of Results 
The bas ic  ideas  of  pu lsed  d i f fe ren t ia l  ho lography (presented  in  
Sect ion 2.0) have  been  appl ied  here in  to  objec ts  v ibra t ing  harmonica l ly  
i n  a s i n g l e  mode. It appears that  most practical  measurements will 
involve small time-delay A t ,  and approximate resul ts  have been given for  
th i s   impor tan t  case. The effects of  geometry (i.e. 10t~ grazing  angles)  
mechanical noise, and l i m i t a t i o n s  on the t ime-delay and plate temperature 
have been briefly examined. A p r o b a b i l i t y  a n a l y s i s  vas presented  for  
the case of random f i r i n g  of t h e   i n i t i a l  laser pu l se  and small time-delays 
A t  between pulses., 
It is clear t h a t  similar problems (of making holograms through 
random, tu rbu len t  media) arise i n  o t h e r  areas, such as holographic measure- 
ment of f l u t t e r   i n  a t~Lnd-tunnel, which involves passing the laser beam 
through the boundary layer(s).  Whether such measurements will be success- 
f u l  o r  n o t  depends upon ( i )  the  s igna l - to-noise  ra t io  (based  upon v e l o c i t i e s )  
; ( A t )  >> N(At) 
and , ( i i )  l imi t ing  the  pa th  l eng th  changes  due t o   n o i s e  
The experimental  fact  that  these requirements  can b e  s a t i s f i e d  f o r  h e a t e d ,  
v i b r a t i n g  plates ( to  2000OF) is  d iscussed  in  Sec t ions  4.0 and 5.0 which 
fOllOtJ. 
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4.0 TESTS AT 1000°F 
In t roduc t ion  
Or ig ina l ly ,  it w a s  p lanned  to  measure  p la te  v ibra t ion  modes a t  
1000 - 1500'F using time-average holography (in a vacuum enclosure) and pulsed 
different ia l  holography ( in  the atmosphere) .  The pulsed holographic measure- 
ments appeared more promising, and they were completed first. Problems 
involv ing  the p la te  suppor t  ( to  avoid  thermal  buckl ing)  , e x c i t i n g  and 
detecting resonance, t iming the laser pulses ,  etc. were successfu l ly  so lved  
and several mode shapes recorded a t  1000'F.  The techniques used, the problems 
encountered,  and the resul ts  are presented in  the paragraphs which fol low.  
P l a t e  Specimen and Support Structure 
A p l a t e  s i z e  of 8" by 10" 17as se l ec t ed  as the  p la t form of  the  rec tangu-  
l a r  p l a t e ( s )   t ob e   v i b r a t e d .  It d e s i r e d   t ou s e  a r e l a t i v e l y   p l a t e ,  
t o  produce  suf f ic ien t ly  low resonant  f requencies .  S ta in less  s teel  (302 or  
304 s t a i n l e s s )  was s e l e c t e d  as t h e  p l a t e  material, because of i ts high- 
t empera tu re  capab i l i t y  and  ava i l ab i l i t y  from suppliers.  
The main problem t o   b e  overcome in  des ign ing  the  suppor t ing  s t ruc tu re  
f o r  t h e  p l a t e  was to prevent thermal buckling.* It was d e s i r a b l e  t o  p r e v e n t  
buckl ing,  because it r e s u l t s  i n  c o n s i d e r a b l e  d i s t o r t i o n  o f  t h e  v i b r a t i o n  
modes (i.e., t h e  modes of a buckled  p la te  do not  co inc ide  wi th  those  of  an  
unloaded ,  i so t ropic  p la te ) .  (From a pragmatic viewpoint,  when t h e  v i b r a t i o n  
modes were recorded a t  1000"F, w e  wanted t o  b e  s u r e  t h e y  l o o k e d  l i k e  p l a t e  
modes and were c r e d i b l e   r e s u l t s . )  
Thermal buckling was avoided by using sof t  tension spr ings** to  apply 
an  in-p lane  pre load  to  the  p la te .  The des ign  i s  shown schematical ly  i n  
Figure  22, and t h e  a c t u a l  s t r u c t u r e  is shown during assembly in  F igu res  23  
and 24. Then t h e  p l a t e  was heated,  thermal  expansion occurred in  the plane 
of the  p la te ,  and  th i s  expans ion  was "taken up" by  the  tens ion  spr ings  
around the edges of the plate.  During i n i t i a l  tests of t h i s  d e s i g n ,  l o c a l  
buckling (i.e., c r ink l ing)  took  p lace  near the  ind iv idua l  suppor t  clamps 
(which ac t ed  as heat  s inks) .  This  problem was overcome by making saw-cuts 
through the plate  between the clamps,  and inser t ing mica washers as thermal 
i n s u l a t i o n  t o  i n h i b i t  heat f low into the clamps.  With th i s  des ign ,  and  a 
p l a t e  t h i c k n e s s  h = .047", the s t a i n l e s s  steel p la te  wi ths tood  tempera tures  
as high as 1200'F without buckling. 
Care was taken  to  achieve  fa i r ly  uni form boundary  condi t ions  a t  t h e  
edges of t h e  p l a t e .  T h i s  was accomplished by machining vee grooves part-  
way through the  p la te ,  to  approximate  the  case of simply-supported 
*It would have  been  poss ib l e  to  a l low the  p l a t e  t o  buck le ,  and  then  v ib ra t e  
it t o  f i n d  t h e  r e s o n a n t  modes of a buckled plate;  however ,  this  was n o t  t h e  
o b j e c t i v e  of t he  con t r ac t .  
**Stainless s teel  sp r ings  were used, t o  p reven t  r e l axa t ion  a t  high- 
temperatures. 
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Figure  23 - Plate and Support  Shoving Tension Springs 
Figure 24- Plate  and Support  Par t ly  Assembled 
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boundaries (see Figure  25). Mode shapes were recorded holographical ly  a t  
room temperature which demonstrated (by their symmetry) the uniformity of 
the  boundary  conditions.  (For  example, see Figures  9,  10 and  26). 
Exci ta t ion and Detect ion of Resonance 
The related problems of e x c i t a t i o n  and detect ion of  resonance are 
fundamental  to vibration studies.  In the experiments reported herein,  the 
problem M ~ S  complicated by the high-temperature (1000"-2000"F). High- 
tempera ture  p iezoe lec t r ic  t ransducers  are ava i lab le ,  and  a t tempts  were 
made t o  u s e  them ( i )  t o  v i b r a t e  t h e  p l a t e ,  and ( i i )  t o  d e t e c t  t h e  p l a t e  
v i b r a t i o n s .  ( P i e z o e l e c t r i c  e x c i t a t i o n  h a s  certain advantages,   and  this 
method had been used in  r e l a t ed  ho lograph ic  s tud ie s ,  Re f .  10  and 1 7  >. 
The p iezoe lec t r i c  cons t an t s  of ava i lab le  h igh- tempera ture  c rys ta l s  are 
very small, hovever, and the technique proved marginal, a t  bes t .  
The exci ta t ion problem t7as so lved  d i rec t ly  by  us ing  a standard 25-lb. 
electrodynamic shaker, vrhich drove  the  p l a t e  by means of a s t i n g e r  and 
spring arrangement (See Figure 27). The sp r ing  (which contacted the plate) 
17as made of stainless steel  and vas r e l a t i v e l y  s o f t  t o  a v o i d  d i s t o r t i n g  t h e  
p l a t e  v i b r a t i o n  modes. It vas n o t  c e r t a i n  t h a t  t h e  s p r i n g  would continue 
to  t r ansmi t  fo rces  when t h e  p l a t e  t7as hea ted ,  s ince  r e l axa t ion  and creep 
f requent ly  occur  in  spr ings  a t  elevated temperatures .  However, t h i s  
arrangement operated successfully and t7as later used i n   t h e  2000°F tests. 
(From the  s tandpoin t  of  v i b r a t i o n  t e s t i n g  and subsequent designs,  this 
d i scuss ion  se rves  to  po in t  ou t  t ha t  exc i t a t ion  of t h e  h e a t e d  s t r u c t u r e  
may present problems, and electro-mechanical driving through springs i s  
a poss ib l e   so lu t ion .  ) 
The de tec t ion  of resonance t7as also complicated by the high-tempera- 
tures .   Special   p iezoelectr ic   crystals   (with  high  Curie   temperatures)  were 
tr ied without  success .  A condenser microphone was t r i e d ,  b u t  t h e  t o n e  from 
the shaker  ~7as detected by the mike and masked the  p la te  response .  (Fur ther -  
more, it was necessary to  place the microphone near  the heated plate ,  and it 
might not have survived the associated thermal input.)  Capacitor pick-ups 
for  de tec t ing  resonance  can  repor ted ly  be  opera ted  a t  2000"F, and they were 
considered. Hov7ever, the  de tec t ion  problem was solved by using a Bently- 
Nevada inductance-type transducer*, which is r a t e d  by the  manufac turer  to  
ope ra t e  at 1300°F. 
This  t ransducer  responds to  the plate  displacement ,  provides  a s t rong  
ou tpu t  s igna l ,  and  has good frequency-response character is t ics .  With t h e  
assoc ia ted  e lec t ronics ,  the  t ransducer  produced  a s inuso ida l  s igna l  i n -  
phase with the plate  displacement ,  A sinwt. The f a c t  t h a t  t h e  o u t p u t  from 
the t ransducer  t7as in-phase with the motion of t h e   p l a t e  t7as necessary  for  
purposes of synchronizing the laser p u l s e s  w i t h  t h e  p l a t e  v i b r a t i o n .  With 
respec t  to  fu ture  exper iments  of t h i s  t y p e ,  t h e  test designer  should note  
that adequate frequency-response of the  t ransducer -e lec t ronics  (with con- 
s tant  phase- lags  preferably zero)  is necessary for  proper  synchronizat ion 
of t h e  laser. Details of  the t iming technique are given in  subsequent  
paragraphs. 
:'Nodel 350TM24 
65 
Vee Groove  Individual  Clamps \ . 018Detai1 
F igu re  25 - Plate Planform and Groove Details 
Figure 26: Time-average interferogram of the 3 x 3 
mode (f = 994 cps) 
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Experimental Set-Up 
A schematic diagram of the experimental set-up is shown i n  F i g u r e  28. 
An o v e r a l l  view  showing t h e  a c t u a l  equipment is g iven  in  F igu re  29. Referr ing 
to  F igure  29 ,  a s tandard osci l la tor-amplif ier  arrangement  w a s  used t o  d r i v e  
the electrodynamic shaker a t  the  des i r ed  ampl i tude  and  frequency. A n  elec- 
t ronic  counter  w a s  used t o  measure the frequency of t he  inpu t  s igna l .  The 
displacement transducer (which w a s  used to  monitor  the plate  response)  w a s  
pos i t ioned  in  the  lower  le f t -hand  quadrant  of  the  p la te  (c f .  F igures  9 and 10). 
The o s c i l l a t o r ,  c o u n t e r ,  and transducer-related equipment are grouped i n  t h e  
area labe l led  ' 'E lec t ronics ' '  in  F igure  29. 
The temperature of t h e  p l a t e  w a s  monitored by a chrome-alumel  thermo- 
couple  welded t o  t h e  p l a t e  s u r f a c e  i n  t h e  l o w e r  r i g h t  hand quadrant.  The 
thermocouple output was read with a s tandard  mi l l ivo l tmeter  des igned  for  
such  appl ica t ions .  L ight  baf f les  ( la rge  aluminum shee t s )  were used to prevent 
t h e  l i g h t  from the  r ad ian t  qua r t z  hea te r s  from reaching the hologram plate. 
(The hologram is represented by a w h i t e  c a r d  i n  t h e  c e n t e r  of Figure 29.) 
Two quartz heat lamps were mounted d i rec t ly  behind  the  p la te ,  about  an  
inch or  s o  away from i ts  sur face .  A standard ther-mac con t ro l  un i t  w a s  used 
to  provide manual  adjustment of t he  vo l t age  to  the  hea t  lamps.  Theheat 
lamps a r e  shown i n  F i g u r e  30, w i th  the  s t i ng  from the shaker passing between 
them. A photograph  showing  the  s t ing  (with  the  s ta inless-s teel   coi l   spr ing 
a t  i ts  end) is g iven  in  F igure  31. Note  tha t  the  input  force  ( suppl ied  
through the spring) w a s  loca ted  off t h e  c e n t e r l i n e s  ( i . e . ,  t h e  l i n e s  of 
symmetry) of the  plate.   This  arrangement w a s  used to  a l low adequate  exc i ta -  
t i o n  of both the symmetric and anti-symmetric modes. 
The optical  arrangement used to make the holograms is  shown schemati- 
c a l l y  i n  F i g u r e  32. The hologram and o b j e c t  beam were arranged such that  
the   i l lumina t ion  and viewing  angles 8 .  and 0 were small   (e .g . ,  less than 
10 degrees;   cf .   Figure 6 ) .  T h i s  r e s u t t s  i n  ?he case  of  "normal  viewing  and 
i l lumination"  discussed  with  respect  to  Equation  (2-15).  The pulsed  ruby 
l a s e r  used in  these  exper iments  i s  shown in  F igu re  33 along with i t s  con t ro l  
un i t s .  Th i s  l a se r  w a s  b u i l t  a f  TRW Systems and has the capability of producing 
m u l t i p l e  l i g h t  p u l s e s  ( a t  694311) where the t i m e  between pulses (At) i s  
ind iv idua l ly  ad jus t ab le  wi th in  the  r ange  
1 ys 2 A t  f 500 y s  (3-9) 
mentioned previously in Section 3.0.  The mul t ip l e  pu l se s  p roduced  in  th i s  
fash ion  are mutually coherent,  which is a necessary requirement for holo- 
graphic   interferometry.   (For  a discussion  of  coherence and in te r fe rometry ,  
see Ref. 26). 
The synchronizat ion of  the laser p u l s e s  w i t h  t h e  p l a t e  v i b r a t i o n  
(A sinwt)  w a s  accomplished electronical ly  as d i scussed  in  the  fo l lowing  
paragraphs. 
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F i g u r e  28: SCHEMATIC OF THE  EXPERIMENTAL  SET-UP 
(HEATED  PLATE,  VIBRATION  TEST 1000°F) 
I 
F i g u r e  29 - Overall V i e w  of Experimental  Set-Up,  lOOO'F T e s t  
Figure 30 - Photograph Showing Heat Lamps 
and Shaker Behind t h e  P l a t e  (lOOO°F Tes t )  
I 
Figure 31 - Photograph Showing Shaker, Drive Rod, 
and Compression Spring to  Exci te  Vibrat ions 
Figure 32 - Basic Optical Elements f o r  Pulsed Laser Vibration Survey 
F i g u r e  33 - Pulsed  Ruby Laser , Optics, and Control Units 
Timing of t h e  Laser Pulses  
The electrical  connections of the equipment used t o  d r i v e  t h e  p l a t e  
to resonance and monitor i t s  response are shown schemat i ca l ly  in  F igu re  34. 
Both the  dr iv ing  and  the  mot ion  sensor  s igna ls  were displayed s imultaneously 
on a Tektronix 535A oscilloscope, employing a 1 A l  plug-in using the chopped 
mode. ( I n  t h i s  mode, t o  ach ieve  a s t a b l e  d i s p l a y ,  a spec ia l  connec t ion  
w a s  required between the Channel 1 Trigger  Out connector on the plug-in 
and  the  Externa l  Tr igger  te rmina l  for  the  time base used) .  To d e t e c t  t h e  
peak  of a r e sonance ,  t he  d r iv ing  osc i l l a to r  f r equency  was ad jus t ed  to  g ive  
maximum amplitude from the motion pick up. 
Display of t h e  s i g n a l s  i n  t h e  manner descr ibed also provided a con- 
venient  means for  synchroniz ing  the  laser  ou tput  to  the  p la te  mot ion .  The 
laser r e q u i r e d  t h r e e  t r i g g e r  p u l s e s .  The f i r s t  t r i g g e r  p u l s e  i n i t i a t e d  t h e  
f l a s h  lamp d i scha rge  to  op t i ca l ly  pump the ruby rod. * The  second  and 
th i rd  pulses  t r iggered  the  Pockels  Cell Q-Switch tw ice  in  success ion ,  t o  
produce the two laser l i g h t  p u l s e s  r e q u i r e d  f o r  d i f f e r e n t i a l  h o l o g r a p h i c  
in te r fe rometry .  The time between the f i r s t  and second pulses w a s  long 
enough fo r  su f f i c i en t  popu la t ion  inve r s ion  to  accumula t e  in  the  ruby .  
Both the second and third pulses were d e r i v e d  i n t e r n a l l y  i n  t h e  laser system 
f r o m  t h e  f i r s t  t r i g g e r  p u l s e .  They were set to  occur  850 and 900 microseconds, 
r e s p e c t i v e l y ,  a f t e r  t h e  f i r s t .  T h i s  s e t t i n g  p r o d u c e d  t h e  d e s i r e d  50  psec 
time-delay between laser pulses.  
The method for  synchroniz ing  the  laser ou tpu t  t o  the  p l a t e  mot ion  
involved operat ion of  the 5358 d i s p l a y  s c o p e  i n  t h e  "B I n t e n s i f i e d  by A" 
mode.  The sweep rate of t he  d i sp lay  was determined by t h e  B Time Base 
and a po r t ion  of t h e  trace w a s  b r igh tened  fo r  a t i m e  determined by t h e  A 
Time Base. The start of t h e  i n t e n s i f i e d  p o r t i o n  was set by t h e  Delay T i m e  
M u l t i p l i e r  d i a l .  F i g u r e  35 is a photograph of  the vibrat ion wave-forms 
d i s p l a y e d  i n  t h i s  mode. Using t h i s  mode of the scope,  any desired port ion 
of the motion waveform could be intensified.  Coincident with the beginning 
o f  t he  in t ens i f i ed  po r t ion  of t h e  sweep, an output gate pulse appeared a t  
t h e  A-Gate terminals of the scope. The rise of t h i s  g a t e  p u l s e  was used t o  
t r i g g e r  t h e  laser f l a s h  lamps (Figure 36 schematical ly  shows t h e  hook-up). 
By manipulation of t h e  A T i m e  Base, t h e  i n t e n s i f i e d  p o r t i o n  of t h e  
waveform w a s  set  to  be  abou t  875 microseconds long, a time f a l l i n g  half-way 
between  the two times set  f o r  t h e  Q-Switch pulses .  Hence, t h e  s t a r t  of t h e  
i n t e n s i f i e d  p o r t i o n  was c o i n c i d e n t  w i t h  t h e  f i r i n g  of t h e  laser f lash lamps,  
and the end of t h e  b r i g h t  p o r t i o n  f e l l  a b o u t  mid-way between the two laser 
output  pulses .  It was an easy matter t h e n  t o  set t h e  laser l i g h t  p u l s e s  t o  
occur a t  any point on the motion waveform.  The delay t i m e  m u l t i p l i e r  d i a l  
w a s  s imply adjusted so  t h a t  t h e  end of t h e  i n t e n s i f i e d  p o r t i o n  f e l l  a t  t h e  
des i r ed  po in t  on  the  v ib ra t ion  waveforms.  (For  example, see Figure 3 5 ) .  
* 
For a d iscuss ion  of t h e  laser, Pockels Cel l ,  e t c . ,  see Ref. 1 7 .  
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Figure 3 4 :  Schematic of the  electrical  arrangement to  excite  and 
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Figure 35(b) : Timing of the  laser pu l ses  wi th  the  p l a t e  v ib ra t ion  
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The 5358 osc i l l o scope  used  in  the  set up had one short-coming i n   t h a t  
i t  lacked a single-sweep  feature.  Consequently, a con t inuous  t r a in  of pu l se s  
was  p re sen t  a t  t h e  A Gate terminals w h i l e  t h e  p l a t e  w a s  i n  motion. Such a 
cont inuous  repe t i t ion  of  pu lses  would have resulted i n  damage t o  t h e  laser 
c i r cu i t s  even  wh i l e  t he  laser s to rage  capac i to r s  were uncharged.  Hence, a 
s i n g l e  p u l s e  g a t e  was i n c l u d e d  i n  t h e  i n p u t  l e g  t o  t h e  laser (another 
osci l loscope having a s i n g l e  sweep f e a t u r e ,  w a s  used).  Manual t r i pp ing  o f  t he  
gate allowed a s i n g l e  t r i g g e r  p u l s e  t o  r e a c h  t h e  laser from the 5358 osc i l l o scope  
on command, which activated the firing sequence and exposed the hologram. 
Some Prel iminary Resul ts  
Room temperature experiments were conducted f i r s t  t o  v e r i f y  t h e  
electronic  t iming arrangement  just  presented.  Several p u l s e d  d i f f e r e n t i a l  
holograms were made a t  room temperature and compared with time-average holo- 
grams  of t h e  same modes. Typical  examples are shown i n  F i g u r e s  37 through 
40,  which  gave  us  confidence i n  t h e  d i f f e r e n t i a l  method. A s  a demonstration 
t h a t  t h e  d i f f e r e n t i a l  t e c h n i q u e  would work a t  high-temperature,  a hologram 
w a s  made with the flame from a c i g a r e t t e  l i g h t e r  i n  t h e  p a t h  of t h e  o b j e c t  
beam.  The r e s u l t  i s  given in  Figure 41,  which shows the  fundamental mode 
of the  plate,   unaffected  by  the  turbulence  from  the  f lame. (The l i g h t e r  
is b a r e l y  v i s i b l e  i n  F i g u r e  41 ) .  This  successful  demonstrat ion w a s  followed 
by the ful l -scale ,  high-temperature  tests desc r ibed  in  the  fo l lowing  sec t ion .  
T e s t  Procedure 
F i r s t ,  a br ief  resonance survey was conducted a t  room temperature ,  
with the displacement pick-up  used as a de tec to r .  Seve ra l  modes were 
detected,  ranging in frequency from 180 cps  (the  fundamental mode) t o  
745 cps. The qua r t z  lamps w e r e  then  turned  on,  and  the  thermocouple 
a l lowed  to  s t ab l i ze  at a temperature of 255"F, whereupon differential  holo- 
grams were made of the fundamental mode (Figure 42) and the 1 x 2 mode 
(Figure 43) . 
The procedure used i n  conducting a tes t  and making the holograms was 
Vary the  exc i ta t ion  f requency  of  the  shaker  unt i l  a p a r t i c u l a r  
resonance was detected  with  the  displacement  transducer.  Record 
the  resonant  f requency ,  as displayed by the  counter .  
Using the s inusoidal  displacement  s ignal  displayed on t h e  
o s c i l l o s c o p e ,  a d j u s t  t h e  t i m e - d e l a y  t o  f i r e  t h e  l a s e r  a t  t h e  t i m e  
of maximum v e l o c i t y  of t he  r e sona t ing  p l a t e .  
Load the (unexposed)  photographic  plate  into i t s  holder ,  then charge 
and f i r e  t h e  l a s e r ,  g i v i n g  t h e  n e c e s s a r y  d i f f e r e n t i a l  hologram. 
Develop the hologram and reconstruct  the images to  see i f  t h e  
v i b r a t i o n  mode i n  q u e s t i o n  had been adequately recorded. 
Adjust  the exci ta t ion frequency to  locate  the next  resonance and 
repeat s t e p s  1 through 4 j u s t  p re sen ted .  
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Figure 37(a): Pulsed  differential  hologram 
of the  First Mode (m = 1, n = 1) f = 122 cps 
Figure 37(b): Time-average interferogram of the 
First  Mode (m = 1, n = 1) f = 128 cps 
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Figure 38(b) : Time-Average Interferogram of 
the 3 x 1 Mode (f = 467 cps) 
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Figure 39 (a)  : Pulsed  d i f fe ren t ia l  ho logram 
of the 3 x 2 Mode (f  = 673 cps)  
Figure 39 (b) : Time-Average Interferogram of 
the  3 x 2 Mode ( f  = 674 c p s )  
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Figure 40(a): Pulsed  differential  hologram 
of the 3 x 3 Mode (f = 1003 c p s )  
Figure 40(b): Time-Average Interferogram 
of the  3 x 3 Mode (f = 994 cps) 
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Figure41 - D i f f e r e n t i a l  Hologram of the Fundamental Mode, Undisturbed 
by  Thermal  Convection  Currents.   (Lighted  cigarette  l ighter 
i n  foreground; flame is  n o t  v i s i b l e )  
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Figure 42 - Differential  Hologram of the  Fundamental  Mode (1 x 1) at 
225°F (f = 156 cps, At = 50 us) 
Figure  43 - Differential  Hologram of the 1 x 2  Mode at 255°F 
(f = 346 c p s ,  At = 50 p s )  
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(6) I f  an interferogram  (produced  in   this   fashion)   does  not   contain 
enough fr inges (e .g . ,  no fr inges form,  or  perhaps just  one)  
the resonance can be exci ted again,  and the vibrat ion ampli tude 
i n c r e a s e d  t o  o b t a i n  more f r inge  contours .  
(7) When enough modes had been recorded a t  a par t icu lar  tempera ture ,  
more h e a t  was  a p p l i e d  t o  raise the temperature  and the modal 
survey w a s  repeated.  
It s h o u l d  b e  n o t e d  t h a t  i n  t h i s  test procedure (Steps 1 through 7), 
t h e   p l a t e  w a s  allowed to reach thermal equilibrium_ before each modal survey. 
The thermocouple reading w a s  recorded (when each hologram w a s  made) and  the  
t h e r m a l  s t a b i l i t y  w a s  such that  the temperature  var ied by a t  most a few 
degrees (f5"F). 
Using t h i s  test procedure,  a few modes were recorded a t  in te rmedia te  
temperatures  of  approximately 255"F, 515"F,  and 708". The corresponding 
interferograms are shown i n  F i g u r e s  44 through 47. Then the  tempera ture  
w a s  r a i s e d  t o  1040°F and a more detai led survey was  conducted,  resul t ing 
i n   t h e  modes  shown i n  F i g u r e s  48 through 55. 
The time-delay  used  throughout  these tests w a s  50 US simply  chosen 
because i t  w a s  a conven ien t  s e t t i ng  of t h e  laser con t ro l  un i t .  From  a
research  s tandpoin t ,  i t  would have been interesting to maintain a p a r t i c u l a r  
temperature (0  = 1000°F, say) and then make d i f f e r e n t i a l  holograms using 
larger-and-larger t ime-delays to determine when the thermal  convect ion 
noise  N(t)  began to  corrupt  the hologram. (See the discussion of  thermal  
n o i s e  and convection given i n  S e c t i o n  3 . 0 ) .  Although t h e  laser can be 
operated over a wide range of A t  , as i l l u s t r a t e d  i n  F i g u r e s  1 5  and 16, 
t h e  mode shapes recorded a t  1000°F using A t  = 50 us appeared  to  be  qui te  
s y m e t r i c a l ,  c l e a n ,  and undistorted, which made it  unnecessary to use another 
time-delay . 
The high-temperature tests (ranging from 255" up t o  1050°F) were con- 
ducted i n  a per iod of approximately four (4) hours of a c t u a l  t e s t i n g  time. 
Approximately 40 d i f f e r e n t i a l  hologr.ams were made i n  t h i s  p e r i o d ,  and mode 
shapes were successfully recorded on approximately two-thirds of t he  sho t s .  
Various minor problems contributed to give unsuccessful holograms, such as 
i n s u f f i c i e n t  v i b r a t i o n  a m p l i t u d e  a t  the high-frequencies  (= 1000 c p s ) ,  
occas iona l  mis - f i r ing  of  the  laser (one pulse ,  but  not  two), etc .  
The f i n a l  hologram of t h i s  test series was  made of the fundamental mode 
using two s i n g l e  p u l s e s  of t h e  laser, wi th  a long time-delay (several 
seconds)  between  exposures. The f i r s t  p u l s e  w a s  made a t  t i m e  tl, and t h e  
second pulse w a s  made a t  t i m e  t = tl + A t  + mT ( i . e . ,  a n  i n t e g r a l  number of 
cyc le s  mT l a t e r ) .  The r e s u l t  is  shown i n  F i g u r e  56, which  shows no contour 
f r i n g e s  o n  t h e  p l a t e ,  d e s p i t e  t h e  f a c t  t h a t  i t  had been vibrating between 
exposures. The thermal   convect ion  noise   N(t)   prevented  the  interferogram 
from forming near  the heated plate  (See Equat ion 2-6). Note t h a t  b l a c k  
i n t e r f e r e n c e  f r i n g e s  did form on the support  frame (around the 8" x 10" 
central  opening)  where the thermal  convect ion w a s  greatly reduced. 
2 
87 
Figure 4 4 :  Differential  hologram of the  fundamental  mode (1 x 1) 
at 514°F.  (f = 230 c p s ,  At = 50 psec) 
Figure 4 5 :  Differential  hologram of the 2 x 2 mode at 515°F. 
( f = 492 cps,  At = 50 psec) 
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Figure 48 - Differential  Hologram of the Fundamental  Mode (1 x 1) at 
1046°F. (f = 200 cps, A t  = 50 ps) 
Figure 49 - Differential  Hologram of the  2 X 1 Mode at 1049°F 
(f = 326 cps, A t  = 50 us) 
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Figure 50 - Differential Hologram of a "Combination Mode" at 1053°~. 
(Looks like the 1 x 2 Mode Combined with the 2 X 1 Mode). 
(f = 324 cps ,  At = 50 us) 
Figure 51 - Differential  Hologram of the 1 X 2 Mode at 10560~. 
(f = 332 cps ,  At = 5 0 ~ s )  
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Figure 52 - D i f f e r e n t i a l  Hologram of t h e  2 x 2 Mode a t  1040°F 
(f = 506 cps ,  A t  = 50 us) 
Figure 53 - D i f f e r e n t i a l  Hologram of  the  3 x 1 Mode at 1052°F 
(f = 544 cps ,  A t  = 40 us) 
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Figure  54 - Differential  Hologram of the 3 x 2 Mode at 1050 OF 
(f = 692 cps, At = 50 us)  
Figure 55 - Differential  Hologram of the 4 x 2 Mode at  1044°F 
(f = 962 cps, At: = 50 ps) 
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Figure 56 - Double-Pulse Hologram, made with 
a Long Time-Delay (- 2 seconds) 
Between  Exposures. (The p l a t e  w a s  
a t  1050°F,  and v ib ra t ing  s t rong ly . )  
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HOLOGRAPHIC  DATA 
POINTS 
HORIZONTAL 
F i g u r e  57 - Mode Shape Data f r o m  t h e  I n t e r f e r o g r a m  o f  F i g u r e  45 
(2 x 2 Mode, 515"F, f = 492 cps) 
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Figure  58: Mode shape   da ta  from t h e  i n t e r f e r o g r a m  of F igu re  52 (2  x 2 
mode, 1040"F, f = 506 cps )  
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Figure 59 - Mode  Shape  Data  from  the  Interferogram  of  Figure 44 
(514"F, f = 230 cps, Fundamental  Mode) 
Results and Discussion 
The d i f f e r e n t i a l  holograms of  the heated vibrat ing plate  are shown 
i n  F i g u r e s  42 through 5 5 ,  with the corresponding plate  temperature  ranging 
from 255°F t o  1050°F.  The  thermocouple  recorded the  tempera ture  in  the  lower  
right-hand quadrant of the plate,  and a t  1000°F t h e  p l a t e  e x h i b i t e d  a n  
orange-reddish glow tha t  appeared  symmetr ic  wi th  the  cent ra l  axes  of  the  
p l a t e .  The p l a t e  w a s  cooler  a t  the  edges  than  in  the  middle ,  bu t  never the less  
t h e  v i b r a t i o n  modes were s t i l l  very symmetric and und i s to r t ed ,  fo r  t he  most 
part .   (See  Figures 4 2 ,  45 , 4 7 ,  49, 52 and 5 4 ) .  The fundamental mode 
experienced some distortion (See Figures 44, 46, and 4 8 )  primari ly  near  
the  poin t  where  the  dr ive  spr ing  contac ted  the  p la te .  
For a uniform simply-supported rectangular plate with uniform in-plane 
loading (e.g., compression N o r  N ) ,  t h e  v i b r a t i o n  modes and buckling modes 
coincide  (See  Ref .   23) .   FurbemoTe,   the  plate   normally  buckles   in  i t s  lowest 
mode ( i . e . ,  the  fundamenta l ) .  A non-uniform  in-plane  loading of t he  form 
N = N + A N  s i n 2  TY 
X 0 b 
(where b i s  the  wid th  of  the  p la te  in  the  y-d i rec t ion)  
would be expected to influence the fundamental  mode most s t rong ly  and the  
higher  modes less-and-less.  Such a loading  (eq.  4-1) migh t  a r i s e  due t o  t h e  
non-uniform  temperature  of  the  plate.  This d e c r e a s e d  s e n s i t i v i t y  of t h e  
higher  modes ( t o  l o a d i n g s  l i k e  4-1) may a c c o u n t  f o r  t h e  r e l a t i v e  l a c k  of 
d i s t o r t i o n  i n  t h e  modes above the fundamental. 
I n  most cases, the  v ibra t ion  ampl i tude  w a s  suf f ic ien t  to  produce  several 
fr inge  contours .   For   the "weaker" resonances,  however,  only  one  or two 
f r inge   contours  were recorded  (e.g.   Figures 4 9 ,   5 1  and 5 5 ) .  Thus,  for 
Figure 4 9 ,  t he  r e l a t ive  d i sp lacemen t  w - w , w a s  j u s t  s l i g h t l y  g r e a t e r  t h a n  
a quarter-wavelength (A14 equals  one fringe? between exposures. 
Regarding the actual  shape of  the vibrat ion mode, t h e  i n t e r p r e t a t i o n  
of t he  b l ack  in t e r f e rence  f r inges  as contour  l ines  g ives  a clear  understanding 
of the  holograms.  For  example,  Figures 4 5 ,  4 7 ,  and 52 a r e  r e a d i l y  i n t e r p r e t e d  
as the 2 x 2 mode, cor responding  to  the  mode shape 
@22 (x,y) = s i n  - 2llx sin 2.rry a b 
f o r  t h e  c l a s s i c a l  p l a t e  v i b r a t i o n  problem  (Ref. 2 3 ) .  In   equat ion  ( 4 - 2 ) ,  the  
axes  x and y are a l igned  wi th  the  edges  of  the  p la te ,  wi th  the  s ide  lengths  
a and b ,  r e spec t ive ly .  A s  indicated  previously  (Sect ions 2.0 and 3.0) t h e  
phase of t h e  v i b r a t i o n  is not recorded by the differential  hologram. Thus,  
i t  i s  not apparent from the interferograms as t o  which contours enclose the 
(pos i t i ve )  "h i l l s "  of t h e  mode, as opposed to  the  (nega t ive)  "va l leys" .  
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The f r inge  contours  are each spaced a d i s t ance  X/2 apart ,  corresponding 
t o  a d i f f e rence  of one  f r inge  order  i n  the  equa t ion  
d i scussed  p rev ious ly  in  Sec t ion  2 .0 .  By p lac ing  a ru le r  across  the  photograph  
(e .g .  Figure 45)  and recording the locat ion of  each fr inge,  the mode shape can 
be determined using equation (2-15). That is, each  f r inge  loca t ion  (xi, say) 
has  a cor responding  f r inge  order  (n.) which corresponds t o  a relative 
displacement (Av7.) a t  that  locat ion? This  procedure was used t o  o b t a i n  t h e  
mode s h a p e s  p r e s h t e d  i n  F i g u r e s  57 through 59. For comparison purposes, 
t h e  s i n e  waves (e.g. , equat ion 4-2) a p p r o p r i a t e  t o  classical p l a t e  t h e o r y  are 
shovm as s o l i d  lines i n  the f i g u r e s .  
The undis tor ted behavior  of  the 2 x 2 mode i s  read i ly  appa ren t  i n  Figure 
57, j u s t  as the  d is tor t ion  of  the  fundamenta l  mode is clear from Figure 59. 
These resul ts  c lear ly  demonstrate  the c a p a b i l i t y  of p u l s e d  d i f f e r e n t i a l  
holography t o  r e c o r d  v i b r a t i o n  modes a t  1000°F. S i m i l a r  experiments were 
conducted to  demons t r a t e  t ha t  v ib ra t ion  modes can also be measured a t  h igher  
temperatures (e.g., 2000'F).  These r e s u l t s  are p r e s e n t e d  i n  S e c t i o n  5.0 which 
f 0 110~7s. 
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5.0 TESTS AT 2000'F 
Introduct ion 
Ni th  the  successfu l  comple t ion  of  the  v ibra t ion  tests  at  1000°F, the 
theory of holographical ly  recording mode shapes i n  t h e  p r e s e n c e  of t u rbu len t  
convection currents had been demonstrated to work. A t  t h i s  p o i n t ,  t h e  
dec i s ion  was made to  ex tend  the  tests to higher  temperatures  (e. g. , 2000 - 
2200'F) which are though t  t o  be  r ep resen ta t ive  fo r  t he  NASA/Space S h u t t l e  
TPS panels.  O f  particular interest were such  prac t ica l  cons idera t ions  as 
making measurements on the  hea ted  s ide  of  the  p la te ,  a t  small grazing angles ,  
and with a view c l u t t e r e d  by h e a t  lamps and other  f ixtures .  Other  problems,  
such as operat ing a v ib ra t ion  t r ansduce r  a t  2000'F for an extended period of 
time, and making holograms i n  t h e  p r e s e n c e  of i n t e n s e  w h i t e  l i g h t  from the 
qua r t z  lamps, were success fu l ly  overcome.  The  experimental  set-up, test 
procedure,  and resul t ing mode shapes a t  2000'F are discussed i n  t h e  f o l l o w i n g  
paragraphs. 
Plate Specimen and Support Structure 
A problem encountered i n  t h e  p r e v i o u s  tests (Section 4.0) was t h a t  
of ach iev ing  suf f ic ien t ly  h igh  tempera ture .  The i n d i v i d u a l  r e f l e c t o r  u n i t s  
(which hold eight quartz lamps) are r a t e d  t o  o p e r a t e  a t  a maximum inpu t  of 
approximately 8 kilowatts.   For  comparison  purposes,   an area 8" by  10" 
( the  or ig ina l  p la te  p lanform)  rad ia tes  approximate ly  5 k i l o w a t t s  i f  h e a t e d  
t o  a temperature of 1500°F. Thus, the question of p u t t i n g  enough energy into 
t h e  p l a t e  t o  raise its temperature  to  2000°F  became a design problem. This 
problem was solved by 
o Reducing t h e  p l a t e  area from 8" x  10" t o  4" x 8" 
o Des igning  the  p la te  suppor ts  to  car ry  e lec t r ica l  cur ren t ,  p roducing  
r e s i s t ance  hea t ing  of the  plate (12R) 
o Using the quartz  lamps in a d d i t i o n  t o  t h e  r e s i s t a n c e  h e a t i n g  
A schematic diagram of t h e  p l a t e  and i ts  suppor t  s t ruc tu re  are shown 
i n  F i g u r e  60. Figure 61 is a photograph of the actual  hardware.  The p l a t e  
specimen was s t a i n l e s s  steel (302 o r  3041, four  inches wide,  and cut  to  a 
l eng th  of  12 inches.  Stainless  steel was s e l e c t e d  as t h e  p l a t e  material 
because of i ts  d e s i r a b l e  e l e c t r i c a l  r e s i s t i v i t y  and high melting temperature. 
An energy balance (between electr ical  input  and thermal radiation out) was 
used to  select t h e  p l a t e  t h i c k n e s s .  I n i t i a l  tests were conducted using a 
thickness  h = .047 inches.  
One end of the plate  specimen t7as clamped to  the support  f rame,  and 
t h r e e  s t a i n l e s s  steel sp r ings  were used to apply a s l igh t  t ens ion  load  a t  
the  o the r  end of t he  p l a t e .  * An intermediate  support  was placed between the 
clamped end and the  sp r ings ,  g iv ing  the  test section an 8-inch span (See 
Figures 60 and  61). The electrical connec t ions  for  res i s tance  hea t ing  were 
* 
The tens ion  spr ings  were used  to  take  up the thermal expansion and prevent 
buckl ing of  the plate .  
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made a t  t h e  clamped end and the  in te rmedia te  suppor t ;  thus ,  jus t  the  8- inch  
span w a s  e l e c t r i c a l l y  h e a t e d .  The electrical cu r ren t  w a s  b rought  in  through 
large,  bolted connectors,  and heavy support  clamps (l ike buss-bars) were 
used t o  o b t a i n  f a i r l y  u n i f o r m  c u r r e n t  d e n s i t y  i n  t h e  p l a t e .  (The connectors 
and clamps a r e   v i s i b l e   i n   F i g u r e  61. ) 
With this arrangement,  the combination of r e s i s t a n c e  h e a t i n g  and qua r t z  
lamps were s u f f i c i e n t  t o  h e a t  t h e  p l a t e  t o  2000°F.  The  temperature w a s  
recorded using a chrome-alumel thermocouple, mounted on t h e  c o l d  s i d e  of the 
p l a t e .  From a s t ruc tu ra l  s t andpo in t ,  t he  e igh t - inch  hea ted  span  of t h e  p l a t e  
ac ted  much l i k e  a wide beam ( i .  e. , 4" w i d e  , 8" long , and .047" t h i ck ) .  The 
ends of t h e  beam were e s s e n t i a l l y  "clamped" ( i .  e. , f ixed  a t  x = 0 , and x = 8") 
a s  opposed to  being  "simply-supported". The o the r  two edges  of  the test  
specimen were s t r e s s - f r ee .  
Exc i t a t ion  and Detection of Resonance 
The electrodynamic shaker was a g a i n  u s e d  t o  v i b r a t e  t h e  p l a t e  ( a s  i n  
Sect ion 4 . 0 )  us ing  the  tubular  s t ing  and s ta inless-s teel  compression spr ing 
arrangement. The ac tua l  s e t -up  is  shown i n  F i g u r e  62 f o r  t h e  2000°F tes t .  
The Bently-Nevada inductance-type displacement transducer was used to detect  
r e sonance ,  a s  p rev ious ly  d i scussed  in  Sec t ion  3.0. One tes t  series w a s  con- 
ducted without cooling the transducer,  and i t  e v e n t u a l l y  f a i l e d  t o  o p e r a t e .  
The t ransducer  was rep laced  and  provided  with water cool ing.  The copper tubing 
and t h e  c o o l i n g  c o i l s  are v i s i b l e  around  the  transducer i n  F i g u r e  6 3 .  The 
c r i t i c a l  a r e a s  of t h e  e x c i t a t i o n  and detection problem were (1 )  t he  s t a in l e s s  
steel  dr ive  spr ing  and (2) t he  induc tance  v ib ra t ion  t r ansduce r .  Both  operated 
success fu l ly  fo r  p l a t e  t empera tu res  as h igh  a s  2000'F. 
"Clut tered V i e w " ,  and S m a l l  Grazing Angles 
A s i n g l e  r e f l e c t o r  u n i t  ( c o n t a i n i n g  a bank of eight quartz heat lamps) 
was pos i t i oned  nea r  t he  f ron t  s i d e  of t h e  p l a t e .  (A schematic  diagram is 
shown i n  F i g u r e  64 , and the  ac tua l  s e t -up  in  F igu re  6 5 ) .  The close proximity 
of t he  hea t  lamps t o  t h e  s u r f a c e  of the plate  a l lowed only small  angles  for  
i l luminat ing  and  viewing  the  plate   (cf .   Figure 1 2 ,  Sect ion 2 . 0 ) .  This 
experimental arrangement, with small grazing angles  ( E -  and E ) and heat 
lamps  mounted c l o s e  t o  t h e  p l a t e ,  was meant to demonstsate some  of t h e  p r a c t i c a l  
problems which a re  l ike ly  to  occur  in  apply ing  holography to  ac tua l  NASA 
v i b r a t i o n  tests of heated Space Shut t le  panels .  Figures  64 and 65 i l l u s t r a t e  
the  prac t ica l  p roblems of  a "c lu t t e r ed  view", and small grazing angles .  
V 
Experimental Set-Up 
A schematic diagram of the experimental set-up i s  shown i n  F i g u r e  
66.  An overa l l  v iew of t h e  a c t u a l  test set-up  and  hardware i s  g i v e n  i n  
Figure 67.  The laser and opt ics   (cor responding   to   the   schemat ic )  are 
shown i n  F i g u r e  68. A d d i t i o n a l  d e t a i l s  of t he  test f i x t u r e s  and geometry 
are g i v e n  i n  F i g u r e s  60 t o  65 and 69 t o  72.  The osc i l l a to r - ampl i f i e r  
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combina t ion  used  to  dr ive  the  shaker  are v i s i b l e  i n  F i g u r e  67 ,  along 
wi th  the  t r ansduce r  e l ec t ron ic s  and the osc i l loscope .  A chrome-alumel 
thermocouple was used to  measure the plate  temperature .  The t h i n  l e a d s  
from the thermo-couple are v i s i b l e  i n  F i g u r e  62.  The qua r t z  hea t  lamps 
(one r e f l e c t o r  u n i t )  were mounted about 1-1/2 t o  2 inches  f rom the  p la te  
sur face  ( see  F igure  69) .  
The opt ical  arrangement  used to  make the holograms is  shown i n  
Figures  66  and  68.  Note t h e  u s e  of a mechanica l  shut te r  ( in  f ront  of  
t he  hologram) and a n  o p t i c a l  band-pass f i l t e r  (Wratten f i l t e r  #70) shown 
i n  F i g u r e  66.  During  the t es t s ,  in t ense  wh i t e  l i gh t  r ad ia t ed  f rom the  
quar tz  lamps (c f .   F igures  67  and 69).  It  was necessary   to   p revent   th i s  
l i g h t  from exposing (i .e.  , fogging)  the  hologram. The s h u t t e r  and o p t i c a l  
f i l t e r  ( i n  t h e  o b j e c t  beam,  coming from t h e  v i b r a t i n g  p l a t e )  were used 
to  a l low the  laser l i g h t  to reach  the  hologram whi le  res t r ic t ing  the  
exposure to  the l ight  f rom the quartz  lamps.  The s h u t t e r  i s  v i s i b l e  i n  
Figures  70 and 7 1 ,  along with an aluminum shee t  t ha t  s e rved  as a b a f f l e .  
The l i g h t  b a f f l e  w a s  used to  prevent  white  l ight  ( f rom the quartz  
lamps) frorn reaching the back of the hologram and causing fogging. 
A d d i t i o n a l  l i g h t  b a f f l e s  ( i n  t h e  form  of a cardboard "tunnel") were used 
a long  the  pa th  of t he  r e fe rence  beam t o  r e s t r i c t  t h e  p a s s a g e  of spurious 
l i g h t  from t h e  h e a t  lamps. (The cardboard baffle i s  shown i n  F i g u r e  72 . )  
Timing of t h e  Laser Pulses  
Preliminary tests were run using a timing arrangement similar t o  
tha t  desc r ibed  in  Sec t ion  3.0. The mechanical  shut ter  was set  a t  
1125th of a second and connected with the electronics  using a " logical-  
and c i r c u i t " .  With t h i s  arrangement , t h e  laser w a s  f i r e d  when ( i )  t h e  
s h u t t e r  was open, and ( i i )  t h e  p l a t e  v e l o c i t y  was a maximum. ( I t  was 
n e c e s s a r y  f o r  t h e  s h u t t e r  t o  b e  open during a f u l l  v i b r a t i o n  p e r i o d  
wi th  th i s  synchron iza t ion  scheme.)  This  timing method w a s  used i n  
e a r l y  tests made a t  room temperature.  
When t h e  h e a t  lamps were turned on, however, the slow shutter 
speed al lowed the white  l ight  to  fog the hologram. Thus,  i t  became 
necessary  to  use  a fas te r  shut te r  speed  (11400th  of a second), which 
did not  a l low synchronizat ion with the plate  motion.  The e lectr ical  
arrangement f o r  f i r i n g  t h e  laser with the mechanical  shut ter  i s  given 
i n  F i g u r e  73. 
The s h u t t e r  w a s  manually controlled,  and when opened, i t  completed 
a c i r c u i t  which t r i g g e r e d  t h e  laser f l a s h  lamp. Af t s r  an  850 usec t i m e -  
de lay  ( f rom the  f lash  lamp t r i g g e r i n g )  t h e  P o c k e l s  c e l l  Q-switch was 
a c t i v a t e d ,  r e s u l t i n g  i n  t h e  first l a s e r  p u l s e  ( t  ). The second l a s e r  
pulse  occurred  50 psec l a t e r ,  giving  the  desired  t ime-delay A t  between 
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Figure  60 - S c h e m a t i c  D i a g r a m  of  P l a t e  S p e c i m e n  and S u p p o r t  S t r u c t u r e  
Figure 61:  P l a t e  and suppor t   s t ruc tu re .  (The heated 
span i s  8” long and 4” wide.) 
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F i g u r e  6 2 :  V i e w  showing   shake r ,   d r ive   rod ,   and   sp r ing .  (Note tension 
s p r i n g s  o n  r i g h t . )  
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Figure 6 3 :  V i e w  showing transducer  (cooling  coils)   and  drive  rod 
wi th  spr ing  to  excite p l a t e .  
REFLECTOR  UNIT  WITH 
QUARTZ HEAT LAMPS 
w s 
PLATE 
PLATE SPECIMEN 
Figure 64 - Schematic Diagram of Quartz Heat Lamps Close t o  t h e  P l a t e ,  Showing the 
Small Grazing Angles of I l luminat ion and Viewing 
r 
0 
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F i g u r e  65: Quar tz   l amps   mounted   c lose  t o  t h e  p l a t e ,  i l l u s t r a t i n g  t h e  
" c l u t t e r e d  view''. 
OBJECT 
BEAM 
Figure 67:  Overall view of the test set-up 
Figure 68: Photograph showing arrangement of t h e  l a s e r  
and o p t i c s  
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F i g u r e  69: V i e w  i l l u s t r a t i n g   s p a c i n g   b e t w e e n   q u a r t z  
lamps and  the p l a t e  
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Figure 70: Relative pos i t i on  of s h u t t e r  a n d  v i b r a t i n g  p l a t e  
Figure 71: View showing s h u t t e r  ( i n  f r o n t  of hologram 
p l a t e )  and l i g h t  b a f f l e s  
Figure  72: View showing t u n n e l - l i k e  b a f f l e  f o r  t h e  r e f e r e n c e  
b earn 
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Figure 73: Schematic  showing shu t t e r  and electrical connections 
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pulses.  For a p l a t e  v i b r a t i n g  a t  100  cps ,  the  cor responding  v ibra t ion  
per iod  i s  T = 10 millisec. I n  t h i s  case, the m a n u a l  s h u t t e r  would be  
open for  only 1/400 = 2.5 millisec, or one-fourth of the v i b r a t i o n  
per iod.  Since the shutter opening (2.5 m s )  could f a l l  anywhere w i t h i n  
the  v ib ra t ion  cyc le ,  t7e have the case of "random f i r i n g  of the first 
laser pulse" ,  discussed i n  Sec t ion  3.0. (It shou ld  be  no ted  tha t  t he  
i n i t i a l  laser pu l se  was con t ro l l ed  by  the  meclianical shutter and occurred 
a t  a d e f i n i t e  time during the 1/400 sec shut ter  opening.)  
Some Prel iminary Resul ts  
I n i t i a l  tests were made a t  room temperature, and they demonstrated 
t h e   a b i l i t y  of d i f f e ren t i a l  ho log raphy  to  r eco rd  v ib ra t ion  modes using 
small grazing angles and a c l u t t e r e d  view. The d i f f e r e n t i a l  i n t e r f e r o g r a m s  
of f o u r  modes (at room temperature) are shown i n  F i g u r e s  74 t o  77. The 
mode shapes are readi ly  apparent  f rom the  in te r fe rograms,  and  the nodal  
l i n e s  are i l l u s t r a t e d  i n  the diagrams (Figures 74 t o  77). 
Quant i ta t ive  da ta  can  be  obta ined  f rom the  in te r fe rograms,  us ing  
Equation (3-22) 
The experimental  
t he  r ange  
set-up was such  tha t  the  v iewing  
6.6" 5 E < 9.6" v -  
(3-22) 
angle  (E  ) v7as i n  
V 
and  the  i l lumina t ing  angle  (E . )  was bounded by t h e  same range 
1 
9.6 2 2 6.6" 
These  angles  var ied  ( s l igh t ly)  wi th  the  d is tance  (x) along the length  
of t h e  p l a t e ,  s u c h  t h a t  t h e  sum 
( s i n  + s i n  E 1 X + 
V 
t7as very  nearly  constant.   Thus,   Equation (3-22) g ives  
117 
6-11 
(5-3) 
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FUNDAMENT& MODE 
(WIDE BEAM) 
Figure 74: Fundamental mode (f = 120 cps room temperature) 
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FIRST TORSION MODE 
Figure 75 - F i r s t  t o r s i o n  mode (f = 223 cps, room temperature) 
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SECOND  BENDING MODE 
Figure 76: Second bending mode (f = 307 cps ,  room temperature) 
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SECOND TORSION MODE 
Figure 77:  Second to r s ion  mode (f = 486 c p s ,  room temperature) 
where (Ei + E ~ )  .14 radians  (e.g. ,   8.1") f o r  our test set-up.  Equation 
(5-4) was used t o  d e t e r m i n e  t h e  q u a n t i t a t i v e  mode shape data shotm i n  
Figure 78. 
Test Procedure 
The test  procedure used was similar t o  t h a t  p r e s e n t e d  i n  S e c t i o n  3.0, 
wi th  s l igh t  modi f ica t ions .  In  genera l ,  the  ind iv idua l  s teps  in  the  
2000'F tests were as follows: 
(1)  Turn  on t h e  e l e c t r i c a l  h e a t i n g  c u r r e n t  t o  t h e  p l a t e  ( c a u s i n g  
2 I R heat ing)  
(2) Turn on the quartz lamps, and continue to raise t h e  p l a t e  
temperature 
(3) Monitor the temperature with the thermocouple,  and allow 
t h e  p l a t e  t o  s t a b i l i z e  a t  the desired temperature  
(4) Vary the frequency and amplitude of the shaker  and  tune-in 
a resonance of t h e  p l a t e .  The p la te  response  was monitored 
by the displacement transducer 
(5) Load t h e  film p l a t e  i n  its holder  and then manually operate 
the  shu t t e r ,  wh ich  f i r ed  the  laser t o  make t h e   d i f f e r e n t i a l  
recording 
(6) Develop t h e  hologram and tune in  ano the r  r e sonan t  mode; r e p e a t  
Steps 4 and 5 to  record  another  mode 
(7) I f  the developed hologram did not contain an adequate 
number of f r i n g e s ,  t h e  mode i n  question can be re-tuned 
and another attempt made t o   r e c o r d  it 
This procedure was used to  record resonant  modes of t h e  v i b r a t i n g  
p l a t e  a t  temperatures ranging from 1600°F to 2025°F. The r e s u l t s  are 
presented in   t he   fo l lowing   pa rag raphs .  
122 
I 
I 
I 
25 
20 
15 
1 0  
5 
0 
-5 
-10 
-15 
U 
(d 
-20 2 
-25 
- - 0 - - HOLOGRAPHIC 
DATA 
' \  
Q, 
TRANSVERSE SECT 
Q., Q. 
\ 
0, . 
0. Q. 
' 0  '. 
0-4 
% 
0.. Q. "
F i g u r e  78 - Mode Shape Data from t h e  I n t e r f e r o g r a m  of F i g u r e  75 
(first torsion mode, f = 223 cps , room tempera ture)  
i 
Resul ts  and Discussion 
In i t ia l  h igh- tempera ture  tests were conducted by heat ing the plate  
t o  1950'F  and recording modes us ing  the  procedure  jus t  descr ibed .  A 
typ ica l  in te r fe rogram is  shobm i n  F i g u r e  79, which is t h e  first t o r s i o n  
mode a t  1950'F (cf.  Figure 75, the corresponding mode a t  room temperature).  
F igure  79 conta ins  several b lack  vertical  l i n e s  which r e s u l t e d  from 
su r face  ox ida t ion  o f  t he  p l a t e .  In  add i t ion ,  t he  in t e r f e rence  f r inges  
are of low-contrast, and the hologram was f o g g e #  s l i g h t l y  ( d u e  t o  t h e  
s p u r i o u s  w h i t e  l i g h t ) .  The TJratten F i l t e r  (69438) was added t o  the test 
set-up (see Figure 66)  for  the subsequent  experiments ,  to  inhibi t  fogging 
of the holograms. 
A t  t h i s  p o i n t ,  t h e  ,047" p l a t e  specimen was replaced by a th inne r  
sheet(.C)31") i n  a n  a t t e m p t  t o  i n c r e a s e  t h e  resistive heating and reach 
higher  temperatures .  Tests were run  us ing  the t h i n n e r  p l a t e ,  and a 
temperature of 1975'F was reached. Modes were recorded a t  th i s  t empera tu re ,  
bu t  aga in  the  f r inge  con t r a s t  was somewhat weak. (This test was stopped 
abrupt ly  when the gold film b o i l e d  o f f  t h e  r e f l e c t i v e  h e a t i n g  u n i t  and 
t h e  lamps burned out .) 
The f i n a l  test series was also conducted using a p l a t e  .031" th i ck .  
In  t h i s  test sequence, the plate reached a temperature of approximately 
1600°F  by resistance hea t ing  a lone .  Several high-qual i ty  interferograms 
were made a t  th i s  t empera tu re ,  and t h e  v a r i o u s  modes are shown i n  F i g u r e s  
80-86.  The r e s u l t s  are similar i n  many r e s p e c t s  t o  t h e  modes recorded 
a t  room temperature  and presented previously in  Figures  74 t o  77. The 
quartz lamps were then turned on and a maximum temperature of 2025'F was 
achieved. Mode shapes were successfu l ly  recorded  a t  this temperature,  
as shown i n  F i g u r e s  87 and 88. 
These d i f fe ren t ia l  in te r fe rograms can  be  in te rpre ted  us ing  Equat ions  
(5-4) o r  (3-22) presented previously.  An example of such data reduction 
was g i v e n  i n  F i g u r e  78.  However, the interferograms themselves provide 
a good q u a l i t a t i v e  i n d i c a t i o n  of t h e  mode shape ,  no t  un l ike  the  familiar 
Chaldni sand patterns.  In many cases, t h i s  q u a l i t a t i v e  i n f o r m a t i o n  is 
s u f f i c i e n t  f o r  t h e  v i b r a t i o n s  a n a l y s t ,  s i n c e  it of ten  can  be  used  to  
compare wi th  computed mode shapes  or  nodal  pa t te rns .  
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SYlr lYS OROUP 
Figure 79: Differential  hologram  showing  fizst  torsion  mode of 
a 4" x 8" stainless  steel  plate at 195O0F.  The 
black  vertical  lines  are due to surface oxidation. 
(f = 200 cps, At = 50 psec) 
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Figure 80: Fundamental  mode at 1573°F (f = 82 cps, 
At = 50 psec) 
Figure 81: Fundamental  mode at 1602°F ( f = 83 cps, 
At = 50 psec) 
I 
Figure 84: Second t o r s i o n  mode a t  1630°F (f = 293 
cps,  A t  = 50 psec) 
Figure 85: Second  bending mode a t  1630'F (f = 239 
cps,  A t  = 50 psec) 
I 
Figure 86:  Combination mode a t  1630°F (f = 230 cpss At = 50 psec) 
Figure 87: Fundamental mode a t  2025'F (f = 60 cps, Figure 88: F i r s t   t o r s i o n  mode a t  2012°F (f = 171 cps, 
A t  = 50 wec) A t  = 50 psec) 
6.0 CONCLUDING REMARKS 
The p r imary  r e su l t  o f  t h i s  s tudy  i s  as  fo l lows:  It demonstrated 
that  pulsed different ia l  holography can be used to  measure vibrat ion 
modes of hea ted  p la tes  ( in  the  a tmosphere)  a t  temperatures up t o  2000'F. 
Since the free  convect ion boundary layer  i s  tu rbu len t  fo r  t hese  e l eva ted  
temperatures w e  can  gene ra l i ze  th i s  conc lus ion  to  s t a t e  "Pu l sed  d i f f e ren -  
t i a l  holography allows measurements of structural deformations through 
turbulent  boundary layers ."  Based  upon the holographic  equat ions given 
he re in ,  i t  i s  poss ib l e  to  ana lyze  similar s i tua t ions  where  i t  is  des i red  
t o  make s t ruc tura l  deformat ion  measurements  in  the  presence  of  random, 
noisy  environments. One example  of  such  calculations i s  the  measurement 
of f l u t t e r  modes through a random, turbulent  boundary layer .  
Other  resul ts  of  secondary importance include the fact  that  the 
bas i c  equa t ions  which govern pulsed differential holography (for harmonic 
vibrat ions  involving  ampli tude,   f requency,   and  the time delay At)  have 
been ver i f ied experimental ly .  Resul ts  have been presented in  which the 
laser was synchronized  to  the  v ibra t ion  and a l s o  f o r  %andom timing" of 
t h e  laser. Both  these  approaches  have  been  analyzed  mathematically 
he re in  and  emonstrated t o  work experimentally.  These  and  related 
r e su l t s ,  such  as the  v ib ra t ion  sens i t i v i ty  cu rves  g iven  he re in ,  w i l l  be  
of use to  other  workers  who apply pulsed different ia l  holography to  
other mechanics problems. 
F ina l ly ,  t he  r eade r  shou ld  no te  tha t  t he  ques t ion  of "noise", and 
"noisy mechanical environments' '  has been considered herein and a 
preliminary  analysis  given.  For  the  experiments  reported  herein,   there 
were v i r t u a l l y  no problems t h a t  a r o s e  due to  r io i se ,  spur ious  v ibra t ions ,  
o r  l ack  of  mechan ica l  s t ab i l i t y .  Wooden t ab le s  and ord inary  labora tory  
benches were used to  suppor t  t he  op t i c s ,  t he  p l a t e  spec imen ,  t he  shake r ,  
e t c . ,  and l i t t l e  o r  no attempt was  made a t  v i b r a t i o n  i s o l a t i o n  of these  
components.   This  represents  the  extent of t h e  s t a b i l i t y  problems  which 
were encountered  experimentally.  The development of p r e c i s e  l i m i t a t i o n s  
on noise  (which a r e  less s t r ingent  than  those  presented  here in)  w i l l  
v e r y  l i k e l y  depend on fu ture  appl ica t ions  of  pu lsed  laser  ho lography in  
noisy environments. 
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